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PREFACE 


Following  on  publication  of  AGARDograph  257  “Practical  Applications  of  Fracture  Mechanics”,  interest  amongst 
engineers  has  centred  on  the  present  state-of-the-art  in  relation  to  the  prediction  of  short  crack  growth  behaviour.  In 
particular,  some  current  airworthiness  requirements  demand  an  analytical  demonstration  that  very  small  flaws  (of 
specified  shape  and  of  length  very  much  less  than  one  millimetre)  should  not  cause  excessive  cracking  within  the 
structure  during  the  aircraft’s  designed  service  life.  The  applicability  of  linear  elastic  fracture  mechanics  in  these 
circumstances  has  been  questioned,  because  data  from  some  crack  propagation  tests  has  shown  growth  rates  in  excess  of 
those  predicted  by  theory.  The  problem  was  discussed  in  two  pilot  papers  presented  at  the  fifty-second  SMP  Meeting, 
and  now  being  published  together  as  AGARD  Report  696. 

It  was  subsequently  decided  to  call  a  Specialists  Meeting  in  the  Fall  of  1982  to  examine  the  accuracy  and 
applicability  of  methods  based  on  linear  elastic  fracture  mechanics  currently  available  for  predicting  short  crack 
behaviour.  These  Conference  Proceedings  include  the  fifteen  papers  presented  there  together  with  a  report  of  the  round 
table  discussion. 

Many  varied  views  were  expressed  on  the  data  obtained  from  experimental  investigation,  but  there  was  no 
consensus  of  opinion.  Some  tests  appeared  to  confirm  the  existence  of  short  crack  effects,  whereas  other  experimenters 
did  not  confirm  these  findings.  During  the  round  table  discussion  however,  it  emerged  that  the  tests  which  did  not 
confirm  the  existence  of  short  crack  effects  had  not  included  compressive  loading  cycles.  The  outcome  of  the  meeting 
was  a  proposal  to  encourage  further  activity  which  would  aim  to  determine  the  reasons  for  apparently  contradictory 
results  in  crack  growth  data;  the  way  to  perform  this  task  has  yet  to  be  defined. 

In  the  meantime,  this  document  describes  the  state  of  the  existing  fracture  mechanics  art  when  applied  to  the 
analysis  of  short  cracks;  it  provides  a  sound  base  from  which  to  further  consider  the  problems. 

I  wish  to  express  my  sincere  thanks  to  the  authors  and  all  those  who  contributed  to  this  document  including  those 
who  evaluated  the  main  topics  of  the  round  table  discussion. 


H.J.ZOCHER 
Chairman,  Sub-Committee 
Behaviour  of  Short  Cracks  in 
Airframe  Components 
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assumed  to  be  inherently  conservative. 


Current  practice  in  the  determination  of  the  relevant  crack  growth  law  for  a  parti¬ 
cular  material  in  a  given  application  is  to  utilize  the  existing  data-base  of  laboratory- 
determined  fatigue  crack  propagation  results,  characterized  in  terms  of  the  linear 
elastic  stress  intensity  range  AK.  However,  the  majority  of  these  data  has  been 
determined  from  test-piece  geometries  containing  crack  sizes  of  the  order  of  25  mm  or  so, 
whereas  many  defects  encountered  in  service  are  far  smaller  than  this,  particularly  in 
turbine  disk-  and  blade  applications,  for  example.  In  the  relatively  few  instances 
where  the  fatigue  behavior  of  such  short  cracks  has  been  experimentally  studied  (for 
reviews  see  refs.  1-4),  it  has  been  found,  almost  without  exception,  that  at  the  same 
nominal  driving  force,  the  growth  rates  of  short  cracks  are  greater  than  (or  equal  to) 
the  corresponding  growth  rates  of  long  cracks.  This  implies  a  breakdown  in  the 
similitude  concept  generally  assumed  in  fracture  mechanics,  whereby  for,  say,  nominal 
linear  elastic  conditions,  different-sized  cracks  subjected  to  the  same  stress  intensity 
Kj  will  have  identical  local  stress  and  strain  fields  at  their  crack  tips  and  correspond¬ 
ingly  should  undergo  equal  amounts  of  crack  extension.  Furthermore,  it  suggests  that  the 
use  of  existing  (long  crack)  data  for  defect- tolerant  life-time  calculations  in  components, 
where  the  growth  of  short  flaws  represents  a  large  proportion  of  the  life,  has  the 
potential  for  ominously  non-conservative  life  predictions. 

There  are  several  factors  which  constitute  a  definition  of  a  short  crack,  namely, 
i)  cracks  which  are  of  a  length  comparable  with  the  scale  of  microstructure  (e.g., 
grain  size,  typically  i  1-50  urn),  ii)  cracks  which  are  of  a  length  comparable  to  the 
scale  of  local  plasticity  (e.g.,  plastic  zone  size,  typically  S  10'^  mm  in  ultrahigh 
strength  materials  to  <  0.1-1  mm  in  low  strength  materials),  and  iii)  cracks  which  are 
simply  physically  small  (e.g.,  £  0.5-1  mm).  Most  investigations  to  date  have  focussed 
on  the  first  two  factors  which  represent,  respectively,  a  continuum  mechanics  limitation 
and  a  linear  elastic  fracture  mechanics  (LEFM)  limitation  to  current  analysis  procedures. 
Presumably  here,  with  an  appropriate  micro-  or  macro-mechanics  characterization  of  crack 
advance,  a  correspondence  between  long  and  short  crack  growth  rate  data  should  be 
achieved.  However,  physically-short  flaws,  which  are  "long"  in  terms  of  continuum  and 
LEFM  analyses,  have  also  been  shown  to  propagate  at  rates  faster  than  equivalent  long 
cracks  (at  the  same  driving  force)  [4],  indicating  that  the  lack  of  correspondence 
between  results  also  may  reflect  basic  differences  in  the  physical  micro-mechanisms 
associated  with  the  crack  extension  of  long  and  short  flaws. 

In  the  present  paper,  we  review  the  existing  data  on  the  growth  of  short  fatigue 
cracks  in  engineering  materials  and  discuss  where  behavior  may  differ  from  that  of 
equivalent  long  cracks  in  terms  of  i)  the  appropriate  fracture  mechanics  characteriza¬ 
tions  and  ii)  the  physics  and  mechanisms  involved  in  crack  advance.  In  the  former  case, 
the  short-crack  problem  is  treated  in  terms  of  elastic-plastic  fracture  mechanics  (EFFM"* 
analyses  which  incorporate  the  effects  of  local  crack  tip  plasticity  and  strain  fields  or 
notches,  whereas  in  the  latter  case  behavioral  differences  are  examined  in  terms  of  the 
roles  of  crack  size  and  shape,  microstructure,  environment,  crack  closure  and  crack 
extension  mechanisms.  We  begin,  however,  with  a  brief  summary  of  the  fracture  mechanics 
procedures  used  to  characterize  fatigue  crack  propagation  for  both  long  and  short  flaws. 


2.  FRACTURE  MECHANICS  CHARACTERIZATION  OF  FATIGUE  CRACK  GROWTH 

The  essential  features  of  fracture  mechanics  involve  characterization  of  the  local 
stress  and  deformation  fields  in  the  vicinity  of  the  crack  tip.  Under  linear  elastic 
conditions,  the  local  crack  tip  stresses  (oj^i)  at  a  distance  r  ahead  of  a  nominally 
stationary  crack  subjected  to  tensile  (Mode  1)  opening  can  be  so  characterized  in  terms 
of  the  Kj  singular  field: 


Cjj (r,9) 
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where  Kr  is  the  Mode  I  stress  intensity  factor,  B  the  polar  angle  measured  from  the 
crack  plane  and  fij  a  dimensionless  function  of  6  [5].  The  use  of  Kj  to  uniquely 
characterize  the  local  linear  elastic  crack  tip  field  is  meaningful  only  when  small-scale 
yielding  conditions  exist.  This  implies  that  the  region  of  local  yielding  at  the  crack 
tip,  denoted  by  the  plastic  zone  size  (ty). 
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where  Og  is  the  yield  strength  of  the  material,  is  small  compared  to  the  in-plane 
dimensions  of  the  body,  namely  crack  length  (a)  and  remaining  ligament  de^th  (b)  [6]. 
Specifically,  small-scale  yielding  conditions  [2],  i.e., 
crack  tip  fields  is  relevant,  requires 


that  a  Kj  based  description  of 
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SUMMARY 

.  The  mechanics  and  physics  of  the  sub-critical  propagation  of  small  fatigue  cracks 
are  reviewed  in  terms  of  reported  differences  in  behavior  between  long  and  short  flaws 
based  on  fracture  mechanics,  microstructural  and  environmental  viewpoints.  Cracks  are 
considered  short  when  their  length  is  small  compared  to  relevant  microstructural 
dimensions  (a  continuum  mechanics  limitation),  when  their  length  is  small  compared  to 
the  scale  of  local  plasticity  (a  linear  elastic  fracture  mechanics  limitation),  and 
when  they  are  merely  physically-small  (e.g.,  <0.5-1  mm).  For  all  three  cases,  it  is 
shown  that,  at  the  same  nominal  driving  force,  the  growth  rates  of  the  short  flaws  are 
likely  to  be  greater  than  (or  at  least  equal  to)  the  corresponding  growth  rates  of  long 
flaws;  a  situation  which  can  lead  to  non- conservative  defect-tolerant  lifetime  predic¬ 
tions  where  existing  (long  crack)  data  are  utilized.  Reasons  for  this  problem  of 
similitude  between  long  and  short  flaw  behavior  are  discussed  in  terms  of  the  roles  of 
crack  driving  force,  local  plasticity,  microstructure,  crack  shape,  crack  ei^nsion 
mechanism,  premature  closure  of  the  crack,  and  local  crack  tip  environment.  ■&- 


1.  INTRODUCTION 

Fatigue,  involving  the  progressive  failure  of  materials  via  the  incipient  growth  of 
flaws  under  cyclically- varying  stresses,  can  be  regarded  as  the  principal  cause  of  in- 
service  failures  in  most  engineering  structures  and  components.  Whether  under  pure 
mechanical  loading  or  in  association  with  sliding  and  friction  between  surfaces  (fretting- 
fatlgue),  rolling  contact  between  surfaces  (rolling  contact  fatigue),  active  environments 
(corrosion  fatigue)  or  elevated  temperatures  (creep  fatigue),  fatigue  fractures  probably 
account  for  over  8Q<  of  all  service  failures.  However,  the  process  of  these  failures 
can  be  characterized  into  several  related  phenomena  involving  i)  Initial  cyclic  damage 
(cyclic  hardening  or  softening),  ii)  the  formation  of  Initial  microscopic  flaws  (micro¬ 
crack  initiation),  iii)  the  coalescence  of  these  micro-cracks  to  form  an  initial  "fatal" 
flaw  (micro-crack  growth),  iv)  the  subsequent  macroscopic  propagation  of  this  flaw 
(macro-crack  growth)  and  v)  final  catastrophic  failure  or  instability.  In  engineering 
terms,  the  first  three  stages,  involving  deformation  and  micro-crack  initiation  and 
growth,  are  generally  embodied  into  the  single  process  of  (macro-)  crack  initiation 
representing  the  formation  of  an  "engineering-size"  detectable  crack  (i.e.,  of  the  order 
of  several  grain  diameters  in  length).  Thus  in  such  terms,  the  total  fatigue  life  (N) 
can  be  defir.ed  as  the  number  of  cycles  to  initiate  a  (macro-)  crack  (Nj)  plus  the  number 
of  cycles  to  propagate  it  sub-critically  to  final  failure  (Np),  i.e., 

N  -  Nj  ♦  Np  .  (1) 

From  the  perspective  of  fatigue  design  or  lifetime  predictionj  this  distinction 
between  initiation  and  propagation  lives  can  be  critical.  Conventional  fatigue  design 
approaches,  on  the  one  hand,  classically  involve  the  use  of  S-N  curves,  representing  the 
total  life  N  resulting  from  a  stress,  or  strain,  amplitude  S,  suitably  adjusted  to  take 
into  account  effects  of  mean  stress  (using,  for  example,  Goodman  diagrams),  effective 
stress  concentrations  at  notches  (using  fatigue-strength  reduction  factors  or  local 
strain  analysis),  variable-amplitude  loading  (using  the  Palmgren-Miner  cumulative -damage 
law  or  rainflow  counting  methods),  multiaxial  stresses,  environmental  effects,  and  so 
forth.  Although  based  on  total  life,  this  approach,  which  is  in  widespread  use,  essen¬ 
tially  represents  design  against  oraak  initiation,  since  near  the  fatigue  limit, 
especially  in  smooth  specimens,  the  major  portion  of  the  lifetime  is  spent  in  the  formation 
of  an  engineering-size  crack.  For  safety-critical  structures,  especially  with  welded  and 
riveted  components,  on  the  other  hand,  there  has  been  a  growing  awareness  that  the 
presence  of  defects  in  a  material  below  certain  size  must  be  assumed  and  taken  into 
account  at  the  design  stage.  Under  such  circumstances,  the  integrity  of  a  structure  will 
depend  upon  the  lifetime  spent  in  crack  propagation,  and  since  the  crack- initiation  stage 
will  be  small,  the  use  of  conver.tlonal  S/N  total  life  analyses  may  lead  to  dangerous 
overestimates  of  life.  Such  c'  sidiratiop'  have  led  to  the  adoption  of  the  so-called 
defect-tolerant  approach,  wher  fat*  .  lifetime  is  assessed  in  terms  of  the  time,  or 
number  of  cycles,  to  pMpepete  i.nw  tri  t  undetected  crack  (estimated  by  non-destructive 
evaluation  or  proof  tests)  to  fa.  . -.e  (defined  by  the  fracture  toughness,  limit  load  or 
some  allowable  strain  criteria).  This  approach,  which  le  used  exclusively  for  certain 
aMlications  in' the  nuclear  and  aeroeppee  industries,  for  example,  relies  on  integration 
of  a  crsch-grewth  eiqtresslea,  repreeemting  a  fracture  mechanics  characterization  of  relevant 
fecifue  crack  ureeagatiM  data  sirttaiNMr  amfiad  t«  account  for  mesa  stress  effects 
(e.f,,  using  CM  ForiMi  ofnatisMl^  OMtaile-aiplItnie  lendiiit  (e.g..  using  the  Mwaier  or 
nlNnlett  fliitls|.  inirls«i|iwiil  aMon ^th,  ns  tofiiirad  ElJj,  tinea 
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Under  cyclic  loading,  the  range  of  stress  intensity  AK,  given  by  the  difference 
between  the  maximum  (K^ax)  and  minimum  (K^in)  stress  intensities  in  the  cycle,  is 
commonly  used  to  correlate  to  crack  extension,  through  power-laws  of  the  form  [8]; 
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where  C  and  m  are  scaling  constants.  Here  the  extent  of  local  yielding  is  defined  in 
terms  of  maximum  (monotonic)  and  cyclic  plastic  zones  (r  and  r.,  respectively),  given 
approximately  by  [7]: 


^1  /^max\ 
max  ""  Jit  I  o^  j 


The  numerical  values  of  the  stress  intensity  factors  at  the  crack  tip,  i.e.,  Kj ,  AK, 
etc.,  remain  undetermined  from  the  asymptotic  analysis,  yet  can  be  computed  from  the 
overall  geometry  and  applied  loading  conditions.  In  fact  solutions  for  Kj  applicable  to 
a  wide  variety  of  situations  are  now  tabulated  in  handbooks  [9].  A  useful  example  of 
such  Kj  solutions,  which  is  particularly  relevant  to  the  short  crack  problem,  is  that  of 
a  crack  (length  {,)  growing  from  a  notch  (length  2c)  (Fig.  1)  [10].  Assuming  a  circular 
hole  in  an  infinite  plate  under  a  remote)./  applied  tensile  stress  o,  the  limiting 
analytical  solution  for  a  short  crack  emanating  from  the  notch  is  given  as: 

K^  -  1.12  k^a/il  ,  (7) 

where  k.^  is  the  elastic  stress  concentration  factor  (equal  to  3  in  this  case)  and  1.12  is 
the  free  surface  correction  factor.  However,  when  the  crack  bi comes  long,  the  limiting 
stress  intensity  is  obtained  by  idealizing  the  geometry  so  that  the  notch  becomes  part  of 
a  long  crack  of  dimension  a  -  c  +  t,  such  that 

=  F  o/ia  ,  (8) 

where  F  is  a  dimensionless  function  of  geometry,  such  as  a  finite  width  correction 
factor.  The  numerically-determined  Kj  solution  for  any  crack  emanating  from  a  notch, 
shown  by  the  dashed  line  in  Fig.  1,  can  be  seen  to  be  given  by  these  short  and  long 
crack  limiting  cases.  As  shown  by  Dowling  [10],  the  transition  crack  size  Ip,  which  can 
be  interpreted  as  the  extent  of  the  local  notch  field,  can  then  be  obtained  by  combining 
Eqs.  (7)  and  (8)  as: 
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Values  of  tp  generally  a  small  fraction  of  the  notch  root  radius  p,  and  for  moderate 
to  sharp  notches  generally  fall  in  the  range  p/20  to  p/4.  Dowling  [10]  has  further  noted 
that  k^o  values  only  20-30t  above  Op  are  sufficient  to  generate  a  notch  tip  plastic  zone 
which  engulfs  the  small  crack  region  ip,  and  thus  far  small  cracks  at  notches,  LEFM 
analysis  will  often  be  suspect. 


The  above  example  serves  to  illustrate  one  aspect  of  the  short  crack  problem  where 
the  crack  length  is  comparable  with  the  notch  tip  plastic  zone  size.  A  similar  situation, 
where  small-scale  yielding  conditions  may  not  apply,  is  where  the  plastic  zone  at  the  tip 
of  the  fatigue  crack  itself  is  comparable  with  the  crack  length,  i.e.,  when  a  •'>  ry. 

Since  the  use  of  Kj  singular  fields  is  no  longer  appropriate  in  such  instances, 
alternative  asymptotic  analyses  have  been  developed  to  define  the  crack  tip  stress  and 
strain  fields  in  the  presence  of  more  extensive  local  plasticity.  Based  on  the  deforma¬ 
tion  theory  of  plasticity  (i.e.,  non-linear  elasticity),  the  asymptotic  form  of  these 
local  fields,  for  non-linear  elastic  power  hardening  solids  of  constitutive  law 
o  *  Epiastic*  given  by  the  Hutchinson,  Rice,  Rosengren  (HRR)  singularity  as  [11,12]: 
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as  r  0,  where  n  is  the  work  hardening  exponent,  E'  the  appropriate  elastic  modulus 
(-  E  for  plane  stress  or  E/(l  -  v*)  for  plane  strain)  and  fjj,  are  universal 
functions  of  their  arguments  depending  upon  whether  plane  stress  or  plane  strain  is 
assumed.  The  amplitude  of  this  field  is  the  so-called  J-integral  [13],  and  analogous  to 
Ki,  J  uniquely  and  autonomously  characterizes  the  crack  tip  field  under  elastic-plastic 
conditions  provided  tome  degree  of  otrain  hardening  ecists.  Further,  for  small-scale 


yielding,  J  can  be  directly  related  to  the  strain  energy  release  rate  G,  and  hence  Kj ,  i.e., 
J  =  G  -  Kj/E'  Clinear  elastic)  (11) 

Despite  difficulties  in  the  precise  meaning  of  J  as  applied  to  a  description  of 
crack  growth  of  cycl ically- stressed  (non-stationary)  cracks,  certain  authors  [14,15] 
have  proposed  a  power-law  correlation  of  fatigue  crack  growth  rates  under  elastic-plastic 
conditions  to  the  range  of  J,  i.e.. 
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Provided  such  analysis  is  fundamentally  justified,  the  use  of  AJ  does  present  a  feasible 
approach  to  characterize  the  growth  of  short  cracks  which  are  comparable  in  size  to  the 
extent  of  local  yielding,  as  discussed  below.  However,  as  alluded  to  above,  the  validity 
of  the  AJ  approach  is  often  questioned  since  it  appears  to  contradict  a  basic  assumption 
in  the  definition  of  J  that  stress  is  proportional  to  the  current  plastic  strain.  This 
follows  because  J  is  defined  from  the  deformation  theory  of  plasticity  (i.e.,  non-linear 
elasticity)  which  does  not  allow  for  the  elastic  unloading  and  non-proportional  loading 
effects  which  accompany  crack  advance  [13].  By  recognizing,  however,  that  constitutive 
laws  for  ayalia  plasticity  (i.e.,  the  cyclic  stress-strain  curve)  can  be  considered  in 
terms  of  stable  hysteresis  loops,  and  that  such  loops  can  be  mathematically  shifted  to  a 
common  origin  after  each  reversal,  the  criterion  of  stress  proportional  to  current 
plastic  strain  can  be  effectively  satisfied  for  cyclic  loading  [16]. 

An  alternative  treatment  of  elastic/plastic  fatigue  crack  growth,  which  is  not 
subject  to  such  restrictions  required  by  non-linear  elasticity,  is  to  utilize  the  concept 
of  crack  tip  opening  displacement  (CTOD),  From  Eq.  (10),  it  is  apparent  that  the  opening 
of  the  crack  faces  varies  at  r  -►  0  as  r"'"'*’^,  such  that  this  separation  can  be  used  to 
define  the  CTOD  (6*)  as  the  opening  where  45®  lines  emanating  back  from  the  crack  tip 
intercept  the  crack  faces,  i.e., 

Af  ”  <i(eQtn)  -iy  ,  (elastic/plastic)  , 


(linear  elastic)  ,  (13) 


where  d  is  a  proportionality  factor  ("v  0.3  to  1)  dependent  upon  the  yield  strain  Cq,  the 
work  hardening  exponent  n,  and  whether  plane  stress  or  plane  strain  is  assumed  [17J. 
Since  6^,  like  J,  can  be  taken  as  a  measure  of  the  intensity  of  the  elastic-plastic 
crack  tip  fields,  it  is  feasible  to  correlate  rates  of  fatigue  crack  growth  to  the  range 
of  5^,  i.e.,  the  cyclic  crack  tip  opening  displacement  (ACTOD),  as 
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(linear  elastic)  .  (14) 


Approaches  based  on  J  and  are  basically  equivalent,  and  are  of  course  valid 
under  both  elastic/plastic  and  linear  elastic  conditions.  They  therefore  are  applicable 
to  a  continuum  description  of  the  growth  rate  behavior  of  cracks  considered  small  because 
their  size  is  comparable  with  the  scale  of  local  plasticity.  Thus,  for  such  short  cracks, 
the  use  of  elastic/plastic,  rather  than  linear  elastic,  fracture  mechanics  may  be 
expected  to  normalize  differences  in  behavior  between  long  and  short  flaws.  However,  the 
use  of  EPFM  cannot  necessarily  be  expected  to  normalize  behavior  between  long  and 
microstructurally-short  or  physically-short  flaws,  where  other  factors  are  important. 

These  other  factors  are  related  to  microstructural ,  environmental  and  closure  effects  and 
are  discussed  in  detail  below. 


3.  REVIEW  OF  EXPERIMENTAL  RESULTS 

Microstructural  Effects 

The  first  definition  of  a  short  fatigue  crack  involves  cracks  which  are  comparable 
in  size  with  the  scale  of  microstructural  features.  Several  recent  experimental  studies  ■ 
[1,18-23]  on  the  initiation  and  growth  of  cracks  in  a  wide  range  of  materials  have 
revealed  that  short  cracks,  initiated  near  regions  of  surface  roughening  caused  by  the 
to  and  fro  motion  of  dislocations  or  at  Inclusions  and  grain  boundaries,  propagate  at 
rates  which  are  different  from  those  of  equivalent  long  cracks,  when  characterized  in 
terms  of  conventional  fracture  mechanics  concepts.  For  example,  it  was  first  shown  by 
Pearson  [23]  in  precipitation  hardened  alloys  that  cracks,  of  a  size  comparable  with  the 
grain  size,  grew  several  times  faster  than  long  cracks  at  nominally  identical  stress 
Intensity  values.  Such  variation  in  the  growth  rate  behavior  of  long  and  microstructurally- 
short  cracks  as  a  function  of  the  stress  Intensity  range  is  shown  in  Fig.  2  for  707S-T6 


aluminum  alloy,  taken  from  the  work  of  Lankford  [24].  It  is  apparent  from  this  figure 
that  the  growth  rates  associated  with  the  short  cracks  are  up  to  two  orders  of  magnitude 
faster  than  those  of  the  long  cracks,  and  further  that  such  accelerated  short  crack  j  — 5 

advance  occurs  at  stress  intensities  well  below  the  so-called  fatigue  threshold  stress 
intensity  range  (AKg),  below  which  long  araoke  remain  dormant  or  grow  at  experimentally- 
undetectable  rates  [25].  The  initially  higher  growth  rates  of  the  short  cracks  can  be 
seen  to  progressively  decelerate  [and  even  arrest  in  certain  cases)  before  merging  with 
the  long  crack  data  at  stress  intensities  close  to  AKg,  similar  to  observations  reported 
elsewhere  by  Morris  et  al .  [26],  Rung  et  al.  [20]  and  Tanaka  et  al.  [27,28].  Such  short 
crack  behavior  has  been  attributed  to  a  slowing  down  of  short  crack  advance  through 
interaction  with  grain  boundaries  [20-22,24,26-28].  Using  arguments  based  on  microplastic¬ 
ity  and  crack  closure  effects,  Morris  and  co-workers  [22,26]  have  modelled  the  process  in 
terms  of  two  factors,  namely  a  cessation  of  propagation  into  a  neighboring  grain  until  a 
sizeable  plastic  zone  is  developed,  and  a  retardation  in  growth  rates  due  to  an  elevated 
crack  closure  stress.  Tanaka  et  al .  [21,27,28]  similarly  considered  the  impeded  growth 
of  microstructurally-short  cracks  in  terms  of  the  pinning  of  slip  bands,  emanating  from 
the  crack  tip,  by  grain  boundaries.  The  results  of  Lankford  [24]  in  Fig.  2  indicate 
that  the  crack  growth  rate  minimum  corresponds  to  a  crack  length  roughly  equal  to  the 
smallest  grain  dimension  (i.e.,  a  dg).  Further,  the  extent,  or  depth,  of  the 
deceleration  "well,"  shown  in  this  figure,  appeared  to  be  determined  by  the  degree  of 
microplasticity  involved  in  the  crack  traversing  the  boundary.  For  example,  when  the 
orientation  between  the  grain  containing  the  crack  and  the  neighboring  grain  was  similar, 
little  deceleration  in  growth  rates  at  the  boundary  was  seen  to  occur.  Thus  a  consensus 
from  these  studies  is  that  despite  their  accelerated  propagation  rates,  compared  to  long 
crack  data,  short  cracks  are  apparently  impeded  by  the  presence  of  grain  boundaries, 
which  in  general  would  be  unlikely  to  significantly  affect  the  local  propagation  rates  of 
long  cracks. 

From  such  experimental  studies,  it  is  readily  apparent  that  threshold  stresses,  or 
stress  intensities,  associated  with  long  and  short  cracks  are  likely  to  be  very  different. 
Although  conventional  fracture  mechanics  arguments  infer  that  the  threshold  stress 
intensity  range  (AKthI  for  a  particular  material  should  be  independent  of  crack  length 
(i.e.,  AKfH  *  6Ko  (the  long  crack  threshold)  -  constant);  Kitagawa  and  Takahashi  [29] 
first  showed  that  below  a  critical  crack  size,  the  threshold  AK'pu  for  short  cracks 
actually  decreased  with  decreasing  crack  length,  where  the  thresnold  etreea  Aoth 
approached  that  of  the  smooth  bar  fatigue  limit  Aog  at  very  short  crack  lengths  (Fig.  3). 
Several  workers  have  shown  that  this  critical  crack  size  (below  which  AKjh  is  no  longer 
constant  with  crack  length)  is  dependent  upon  microstructural  and  mechanical  factors 
[25,28-37],  but  from  continuum  arguments  it  is  approximately  given  by  1/tt  (AKg/AOg)^, 
where  both  AKg  and  AOg  are  corrected  for  a  common  load  ratio.  Values  of  this  dimension, 
which  effectively  represent  the  limiting  crack  size  for  valid  LEFM  analysis  (see  next 
section),  range  from  typically  1-10  ym  in  ultrahigh  strength  materials  (i.e., 

Og  "y  2000  MPa)  to  0.1-1  ram  in  low  strength  materials  (i.e.,  Og  "v  200  MPa). 

Based  on  these  results,  it  has  been  suggested  [30,38,39]  that  the  threshold  condition 
for  no  growth  for  long  cracks  is  one  of  a  constant  etreea  intenaity,  i.e.,  AK-,  whereas 
the  threshold  condition  for  short  cracks  is  one  of  a  constant  stress,  i.e.,  the  fatigue 
limit  Aog  or  endurance  strength.  Such  a  premise  has  been  shown  to  be  consistent  with  the 
modelling  studies  of  Tanaka  et  al.  [28]  where  the  threshold  for  short  crack  propagation 
is  governed  by  whether  the  crack  tip  slip  bands  are  blocked,  or  can  traverse,  the  grain 
boundary  between  an  adjacent  grain. 


Local  Plasticity  Effects 

The  second  definition  of  a  short  crack  involves  cracks  which  are  small  compared  to 
the  scale  of  local  plasticity,  generated  either  by  the  crack  itself,  i.e.,  the  crack  tip 
plastic  zone,  or  by  the  presence  of  a  larger  stress  concentrator,  i.e.,  the  strain  field_ 
of  a  notch.  The  propagation  of  such  cracks  involves  crack  extension  under  elastic-plastic 
conditions,  and  from  comparisons  of  their  behavior  with  equivalent  long  cracks  using  LHFM 
analyses,  i.e.,  at  the  same  nominal  AK,  it  is  invariably  seen  that  the  short  cracks  appear 
to  grow  much  faster  [10,31-35,40,41].  However,  part  of  the  reason  for  such  results  lies 
not  in  any  physical  difference  between  long  and  short  crack  behavior  but  mostly  with  the 
inappropriate  use  of  linear  elastic  analyses.  This  was  shown  particularly  clearly  by 
Dowling  [40]  who  monitored  the  growth  of  small  surface  cracks  in  smooth  bar  specimens  of 
AS33B  nuclear  pressure  vessel  steel  subjected  to  fully-reversed  strain  cycling.  By 
analyzing  the  growth  rates  (da/dN)  in  terms  of  AJ,  where  J  values  were  computed  from  the 
stress-strain  hysteresis  loops,  a  closer  correspondence  was  found  between  long  and  short 
crack  behavior  (Fig.  4).  However,  even  with  the  more  appropriate  characterization 
afforded  by  elastic-plastic  fracture  mechanics,  it  is  still  apparent  in  Fig.  4  that 
short  cracks  propagate  at  somewhat  faster  rates. 

In  order  to  account  for  this  apparent  breakdown  in  continuum  mechanics  concepts, 
also  noticeable  in  the  threshold  results  in  Fig.  3,  El  Haddad  and  co-workers  [33-35] 
introduced  the  notion  of  an  intrinsic  crack  length  Sg.  These  authors  redefined  the  stress 
intensity  factor  in  terms  of  the  physical  crack  length  plus  Sg,  such  that  the  stress 
intensity  range  which  characterizes  the  growth  of  fatigue  cracks  independent  of  crack 
length  is  given  by: 
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where  Q  is  the  geometry  factor.  The  material-dependent  constant  a^  was  estimated  from 
the  limiting  conditions  of  crack  length  where  the  nominal  stress  &o"  approaches  the 
fatigue  limit  AOg  when  a  0  and  AK  •  AKg,  i.e.. 


and  can  be  seen  to  be  equivalent  to  the  critical  crack  size  (above  which  AK^j-u  =  AKg)  in 
Fig.  3.  By  recomputing  both  AK  and  AJ  to  include  this  ag  concept,  these  authors  [33] 
re-analyzed  the  short  crack  data  of  Dowling  [40],  shown  in  Fig.  4,  and  claimed  to 
achieve  a  closer  correspondence  between  long  and  short  crack  growth  results  [35]. 

Although  such  intrinsic  crack  length  arguments  successfully  rationalize  many 
apparent  anomalies  between  the  growth  rate  kinetics  of  long  and  short  cracks  limited  by 
LEFM  analyses,  there  is  currently  no  available  physical  interpretation  for  the  parameter 
ap.  Comparisons  of  with  the  characteristic  scales  of  microstructural  dimensions  have 
failed  to  reveal  any  convincing  correspondence. 

A  somewhat  different  approach  to  rationalizing  the  behavior  of  long  and  short  cracks, 
specifically  with  respect  to  the  threshold  condition,  was  presented  by  Usami  and 
co-workers  [36,37].  To  replace  the  notion  that  the  threshold  condition  for  'short  cracks 
was  one  of  a  constant  stress,  compared  to  one  of  a  constant  stress  intensity  range  for 
long  cracks,  these  authors  proposed  a  single  criterion  that  the  cyclic  plastic  zone 
dimension  (r^)  at  the  threshold  is  a  material  constant.  Using  the  Dugdale  solution  to 
approximate  plastic  zone  sizes,  this  approach  was  shown  to  reproduce  the  form  of  the 
AopH  vs.  a  curves  shown  in  Fig.  3  and  further  to  rationalize  effects  of  stress  ratio  and 
yield  strength  on  short  crack  behavior.  However,  experimental  conformation  of  the 
constancy  of  r^  at  the  threshold  for  long  and  short  cracks  was  not  presented. 

Effects  of  local  plasticity  also  play  an  important  role  in  influencing  the  initiation 
and  growth  of  short  cracks  emanating  from  notches,  where  cracks  are  considered  short  when 
their  lengths  are  comparable  in  size  to  the  extent  of  the  strain  field  of  the  notch  tip 
plastic  zone  (Fig.  S).  The  linear  elastic  Kj  solutions  for  such  short  flaws  have  been 
discussed  previously  in  Section  2.  Phillips,  Frost  and  others  [42,43]  first  showed  that 
such  cracks  initiated  from  notches  can  arrest  completely  and  become  so-called  non¬ 
propagating  cracks  (NPC)  after  growing  a  short  distance.  Many  subsequent  studies  [31,32, 
35,44-47]  have  confirmed  the  existence  of  such  NPC's  although  a  precise  understanding  of 
the  mechanisms  for  their  occurrence  is  still  lacking.  Stress-strain/life  analyses, 
however,  have  revealed  that  NPC's  only  form  at  sharp  notches  above  a  critical  stress 
concentration  factor  kt  [47].  Hammouda  and  Miller  [32]  argue  that  the  total  plastic 
shear  displacement,  which  is  taken  as  the  sum  of  the  shear  displacement  arising  from 
(notch)  bulk  plasticity  and  that  due  to  the  local  crack  tip  plastic  zone  for  LEFM  con¬ 
trolled  growth,  determines  the  growth  kinetics  of  such  short  cracks.  Where  the  crack  is 
completely  submerged  in  the  notch  tip  plastic  zone  (Fig.  5),  bulk  plasticity  conditions 
dominate  behavior.  Here  it  is  argued  that  the  growth  rates  of  the  short  cracks  will 
progressively  decrease  until  they  arrest  or  merge  with  the  long  crack  LEFM  curve  where 
behavior  is  dominated  by  local  plasticity  conditions  within  the  crack  tip  plastic  zone 
(Fig.  6).  Several  continuum  mechanics  explanations  for  such  observations  of  decreasing 
growth  rates  of  short  cracks  within  the  notch  tip  plastic  zone  have  been  claimed  based  on 
the  above  total  plastic  shear  displacement  argument  [32],  on  elastic-plastic  J-based 
analyses  incorporating  the  ag  concept  [45]  and  on  the  concept  that  the  reversed  plastic 
zone  size  is  a  material  concept  (independent  on  crack  length)  [37].  The  physical 
reasons  for  such  behavior,  however,  are  difficult  to  comprehend,  particularly  since  a 
striking  similarity  exists  between  Fig.  6  and  Fig.  2.  In  the  latter  case  the  progressive 
deceleration  in  short  crack  growth  rates  was  reported  [24]  in  the  absence  of  a  notch  and 
attributed  to  impeded  growth  at  grain  boundaries.  With  this  in  mind,  we  must  conclude 
that  the  precise  mechanism  for  the  occurrence  of  decelerated  short  crack  growth  and  NPC's 
is  currently  unclear  but  we  do  recognize  that  factors  such  as  notch-tip  plasticity, 
micro-plasticity,  grain  boundary  blocking  of  slip-bands,  cessation  of  growth  and 
crystallographic  reorientation  of  growth  at  grain  boundaries,  and  crack  closure  (see 
Section  4)  all  may  play  a  significant  role.  In  this  regard,  it  has  been  claimed  that 
since  small  cracks  are  capable  of  propagating  below  the  long  crack  threshold  AKg  value, 
they  may  propagate  for  some  distance  until  the  combination  of  their  size  and  local  stress 
cause  them  to  arrest  at  or  below  the  AK_  value  [2].  Although  this  is  a  convenient  statement 
to  rationalize  the  behavior  schematically  illustrated  in  Figs.  2  and  6,  physically  based 
mechanistic  interpretations  of  such  behavior  are  still  uncertain. 

Physically-Short  Flaws 

The  third  definition  of  a  short  crack,  and  perhaps  the  most  ominous  from  a  design 
viewpoint,  is  the  physically-short  flaw  where  the  crack  is  long  compared  to  both  tke 
scale  of  microstructure  and  the  scale  of  local  plasticity,  yet  simply  physically  small, 
i.e.,  typically  less  than  O.S-1  mm  in  length.  Since  both  continuum  mechanics  and  LEFM 
characterizations  of  the  behavior  of  such  flaws  would  be  expected  to  be  valid,  it  is 
perhaps  surprising  to  find  that  under  certain  circumstances  [4,48-52]  even  physically- 
short  cracks  show  growth  rates  in  excess  of  those  of  long  cracks  under  nominally 
identical  driving  force  conditions  (i.e.,  at  the  same  AK).  This  realization  represents 
a  significant  breakdown  in  the  similitude  argument  engrained  in  fracture  mechanics  analyses 
of  sub-critical  crack  growth  and  has  been  currently  attributed  to  two  basic  factors. 

The  first  of  these  pertains  to  the  phenomenon  uf  crack  closure  where,  due  to  interference 


microstructural  factors  (Fig.  2)  [24].  Certainly  no  linear  elastic  analysis  of  the  case 
of  a  notch  plus  short  crack  [62]  has  demonstrated  that  the  crack  driving  force  (e.g.,  Kj) 
goes  through  a  minimum,  as  the  crack  extends  from  the  notch,  to  rationalize  such  behavior, 
and  to  our  knowledge  there  is  no  formal  elastic-plastic  analysis  available  which  similarly 
predicts  the  appropriate  variation  in  crack  driving  force  (without  incorporation  of  crack  closure 
effects).  Whilst  we  cannot  refute  the  experimental  data  on  short  crack  growth  at  notches, 
in  the  absence  of  a  complete  continuum  mechanics  analysis  we  must  conclude  that  part  of 
the  reason  for  the  differing  growth  rate  behavior  of  the  short  cracks  in  this  instance 
may  similarly  result  from  the  interaction  of  the  short  flaw  with  microstructural  features 
and  from  the  role  of  crack  closure,  as  described  below. 

With  respect  to  microstructural  features,  it  is  generally  accepted  that  the  presence 
of  grain  boundaries,  hard  second  phases,  inclusions,  etc.  play  a  somewhat  minimal  role  in 
influencing  the  growth  of  long  fatigue  cracks  [2S]  (at  least  over  the  range  of  growth 
rates  below  ■x-lO”’  mm/ cycle) ,  because  behavior  is  governed  primarily  by  average  bulk 
properties.  However,  this  clearly  will  not  be  the  case  for  small  micro-cracks  whose 
length  will  be  comparable  to  the  size  of  these  microstructural  features.  For  example,  for 
micro-cracks  contained  within  a  single  grain,  cyclic  slip  will  be  strongly  influenced  by 
the  crystal  orientation  and  the  proximity  of  the  grain  boundary,  resulting  in  locally  non- 
planar  crack  extension  [3].  There  is  now  a  large  body  of  evidence  that  shows  that  the 
growth  of  small  cracks  is  impeded  by  the  presence  of  grain  boundaries  by  such  mechanisms 
as  the  blocking  of  slip  bands  [21]  or  containment  of  the  plastic  zone  [22]  within  the 
grain,  reorientation  and  re- initiation  of  the  crack  as  it  traverses  the  boundary  [24],  and 
simply  cessation  of  growth  at  the  boundary  [22].  The  latter  effect  has  also  been 
demonstrated  for  the  presence  of  harder  second  phases,  where  in  duplex  ferritic-martensitic 
steels,  micro-cracks  were  observed  to  initiate  and  grow  in  the  softer  ferrite  only  to 
arrest  when  they  encountered  the  harder  martensite  [63].  Such  considerations  do  not 
explain  why  short  cracks  can  propagate  below  the  long  crack  threshold  AKp,  yet  they  do 
provide  a  feasible  interpretation  for  the  progressively  decreasing  growth  rates  observed 
in  this  region  (Fig.  2). 

A  further  factor  which  may  contribute  to  differences  in  the  behavior  of  long  and 
short  cracks  is  the  question  of  crack  shape  [3].  Even  long  cracks,  which  encompass  many 
grains,  are  known  to  possess  certain  irregularities  in  their  geometry  (on  a  microeoale 
level')  due  to  local  interactions  with  microstructural  features  [64],  yet,  at  a  given  AK, 
the  overall  growth  behavior  would  be  expected  to  be  similar.  However,  on  comparing  a 
macro-crack  and  a  micro-crack  contained  within  a  few  grains,  this  similarity  would  seem 
to  be  questionable.  Moreover,  the  early  stages  of  fatigue  damage  often  involve  the  multi¬ 
initiation  of  micro-cracks  such  that  the  subsequent  growth  of  a  particular  small  flaw  Is 
likely  to  be  strongly  influenced  by  the  presence  of  other  micro-cracks  [1,19]. 

Differences  in  the  behavior  of  long  and  short  cracks  may  also  result  from  the  fact 
that,  at  the  same  nominal  AK,  the  crack  extension  mechanisms  may  be  radically  different. 

As  pointed  out  by  Schijve  [3],  the  restraint  of  the  elastic  surrounding  on  a  small  crack 
near  a  free  surface  is  very  different  from  that  experienced  at  the  tip  of  a  long  crack 
inside  the  material.  For  a  small  grain-sized  crack,  the  low  restraint  on  cyclic  slip 
will  predominately  promote  single  slip  on  the  system  with  the  highest  critical  resolved 
shear  stress  resulting  in  a  Mode  II  +  Mode  I  slip  band  cracking  mechanism  akin  to 
Forsyth's  Stage  I.  For  the  long  crack,  however,  which  spans  many  grains,  maintaining  such 
slip-band  cracking  in  a  single  direction  in  each  grain  is  incompatible  with  a  coherent 
crack  front.  The  resulting  increased  restraint  on  cyclic  plasticity  will  tend  to  activate 
further  slip-systems  leading  to  a  non-crystallographic  mode  of  crack  advance  by  alternating 
or  simultaneous  shear,  commonly  referred  to  as  striation  growth  (Forsyth's  Stage  II).  At 
near- threshold  levels  where  the  extent  of  local  plasticity  is  contained  within  a  single 
grain,  even  long  cracks  propagate  via  this  single  shear  mechanism  but,  in  contrast  to  the 
short  crack  case,  the  orientation  of  the  slip-band  cracking  will  change  at  each  grain 
boundary  leading  to  a  faceted  or  zig-zag  crack  path  morphology  (Fig.  10)  [3,59].  As 
discussed  below,  the  occurrence  of  this  shear  mode  of  crack  extension,  together  with  the 
development  of  a  faceted  fracture  surface,  has  major  implications  with  respect  to  the 
magnitude  of  crack  closure  effects  [59,60],  which  further  may  lead  to  differences  in  long 
and  short  crack  behavior  [50]. 

The  origin  of  the  differences  in  behavior  resulting  from  the  contribution  from  crack 
closure  arises  from  the  fact  that  such  closure  effects  predominate  in  the  wake  of  the 

crack  tip.  Since  short  cracks  by  definition  will  possess  a  limited  wake,  it  is  to  be 

expected  that  in  general  such  cracks  will  be  subjected  to  less  closure.  Thus,  at  the  same 
nominal  AK,  short  cracks  may  experience  a  larger  effective  AK  compared  to  the  equivalent 
long  crack.  As  outlined  in  Section  3,  this  can  arise  from  two  sources.  First,  with 
respect  to  plasticity- induced  closure,  plastic  deformation  in  the  wake  of  the  crack  has  to 
build  up  before  it  can  be  effective  in  reducing  AK^ff.  From  analogous  studies  of  the  role 
of  dllatant  inelasticity  (generated  by  phase  transformations)  on  reducing  the  effective 
stress  intensity  at  the  crack  tip  in  ceramics  [65],  it  has  been  found  that  the  full  effect 

of  this  closure  is  only  felt  when  the  transformed  zone  extends  a  distance  five  times  its 

forward  extent  in  the  wake  of  the  crack.  Although  this  analysis  has  not  been  performed 
for  plastic  deformation  in  metals,  it  is  to  be  expected  that  the  role  of  the  compressive 
stresses  in  the  plastic  zone  encompassing  the  wake  of  the  crack  would  be  limited  for  small 
cracks  of  a  length  comparable  with  the  forward  extent  of  this  zone  (i.e.,  for  a  'v  ly) .  We 
believe  that  this  is  one  of  the  major  reasons  (at  least  from  the  perspective  of  conHnuum 
mechanics)  for  non-propagating  cracks  and  why  short  cracks  and  cracks  emanating  from 
notches  can  propagate  below  the  long  crack  threshold  AKq.  Essentially  they  can  initiate 
and  grow  at  nominal  stress  intensities  below  AKn  due  to  the  absence  of  closure  effects, 
but,  as  they  increase  in  length,  the  build-up  of  plasticity  in  their  wake  promotes  a 


and  physical  contact  between  mating  fracture  surfaces  in  the  uake  of  the  crack  tip,  the 
crack  can  be  effectively  closed  at  positive  loads  during  the  fatigue  cycle.  Since  the  ,  . 
crack  cannot  propagate  whilst  it  remains  closed,  the  net  effect  of  closure  is  to  reduce  l~ 
the  nominal  stress  intensity  range  (AK),  computed  as  K^ax  '  *^min  fto™  applied  loads  and 
crack  length  measurements,  to  some  lower  effective  value  (AKeff)  actually  experienced  at 
the  crack  tip,  i.e.,  AK^ff  ■  K^ax  "  l^cl*  “here  K^i  is  the  stress  intensity  at  closure 
C?  Kmin)  [53 J.  Closure  can  arise  from  a  number  of  sources,  such  as  the  constraint  of 
surrounding  elastic  material  on  the  residual  stretch  in  material  elements  previously 
plastically-strained  at  the  tip  (plasticity- induced  closure)  [S3],  the  presence  of 
corrosion  debris  within  the  crack  (oxide-induced  closure)  [54-56],  and  the  contact  at 
discrete  points  between  faceted  or  rough  fracture  surfaces  where  significant  Mode  II 
crack  tip  displacements  are  present  (roughness- induced  closure)  [52,56-60].  These 
mechanisms  of  crack  closure  are  schematically  illustrated  in  Fig.  7  [59],  and  are 
particularly  relevant  to  short  crack  behavior  simply  because  their  action  predominates 
in  the  uake  of  the  crack  tip.  Since  for  small  cracks  the  extent  of  this  wake  is  limited, 
it  is  to  be  expected  that  the  effect  of  crack  closure  will  be  different  for  long  and 
short  cracks,  and  specifically  that  the  short  crack  is  likely  to  be  subjected  to  a 
smaller  influence  of  closure.  Evidence  for  the  extent  of  crack  closure  being  a  function 
of  crack  size  has  been  reported  by  Morris  et  al.  [51]  for  the  growth  of  short  flaws  in 
titanium  alloys.  Here,  by  monitoring  the  surface  crack  opening  displacement  (at  zero 
load)  for  crack  sizes  ranging  from  SO  to  500  vim  (Fig.  8),  these  authors  concluded  that 
for  cracks  less  than  approximately  160  ym  in  length,  the  extent  of  crack  closure, 
specifically  roughness-induced,  decreased  with  decreasing  crack  length.  A  further 
influence  of  roughness- Induced  closure  was  inferred  in  the  work  of  McCarver  and  Ritchie 
[50]  on  the  crystallographic  growth  of  long  and  physically-short  fatigue  cracks  in 

RenI  95  nickel-base  superalloy.  In  this  latter  study,  threshold  AK-jh  values  for  short 

cracks  (a  0.01-0.20  ym)  at  low  mean  stresses  (R  -  0.1)  were  found  to  be  60%  smaller 
than  for  long  cracks  (a  25  mm),  yet  at  high  mean  stresses  (R  =  0.7)  where  closure 

effects  are  minimal,  this  difference  was  not  apparent.  Thus,  at  equivalent  nominal  AK 

levels,  physically-short  flaws  may  be  expected  to  propagate  faster  (and  show  lower 
thresholds)  than  corresponding  long  flaws  simply  due  to  a  smaller  influence  of  closure 
producing  larger  effective  stress  intensity  ranges  at  the  crack  tip.  Specific  mechanisms 
for  this  effect  are  discussed  in  more  detail  in  the  following  section. 

However,  a  second  factor  which  may  also  produce  accelerated  growth  rates  for  short 
cracks  is  associated  with  chemical  and  electrochemical  effects  and  is  relevant  to  the  growth 
of  physically-short  flaws  in  differing  environments  [4,48,49,61].  Experiments  by 
Gangloff  [4,48]  on  high  strength  4130  steels  tested  in  NaCl  solution  revealed  corrosion 
fatigue  crack  propagation  rates  of  short  cracks  (0.1-0. 8  mm)  to  be  up  to  two  orders  of 
magnitude  faster  than  corresponding  rates  of  long  cracks  (25-60  mm)  at  the  same  AK  level, 
although  behavior  in  inert  atmospheres  was  essentially  similar  (Fig.  9).  A  complete 
understanding  of  this  phenomenon  is  as  yet  lacking  but  preliminary  analysis  indicated 
that  the  effect  could  be  attributed  to  differences  in  the  local  crack  tip  environments  in 
the  long  and  short  flaws,  principally  resulting  from  different  electrochemically-active 
surface-to-volume  ratios  of  the  cracks  and  from  the  influence  of  crack  length  on  the 
solution  renewal  rate  in  the  crack  tip  region  [48]. 


4.  DISCUSSION 

In  this  paper,  an  attempt  has  been  made  to  draw  from  the  literature  the  salient 
points  relevant  to  the  mechanics  and  physics  of  the  growth  of  short  fatigue  cracks. 

From  the  preceding  discussion  it  is  apparent  that  such  cracks  may  present  difficulties  in 
fatigue  design  simply  because  their  growth  rate  behavior  is  somewhat  unpredictable  when 
based  on  current  (long  crack)  analyses  and  methodologies  (e.g.,  using  long  crack  LEFM 
data).  It  is  also  apparent  that  the  latter  procedures  are  liable  to  yield  non- conservative 
predictions  of  lifetimes  in  the  presence  of  short  flaws  because,  at  the  same  nominal 
driving  force,  the  short  crack  invariably  propagates  at  a  faster  rate  than  the 
corresponding  long  crack.  This  problem  of  similitude  between  long  and  short  crack 
behavior  can  be  considered  to  arise  for  a  number  of  reasons,  such  as  i)  local  plasticity 
effects  resulting  in  the  inappropriate  characterization  of  the  crack  driving  force  for 
short  cracks,  ii)  local  microstructural  features  which  in  general  do  not  perturb  macro¬ 
crack  growth  yet  which  are  of  a  size  that  they  can  interact  strongly  with  the  growth  of 
small  cracks,  iii)  similitude  of  crack  shape  and  geometry,  iv)  interaction  with  other 
micro-cracks,  v)  similitude  of  crack  extension  mechanism,  vi)  crack  closure  effects,  and 
vii)  differences  in  the  local  crack  tip  environments.  We  now  examine  each  of  these 
factors  in  turn. 

Questions  concerning  the  Inappropriate  use  of  linear  elastic  fracture  mechanics  to 
characterize  the  growth  of  short  cracks  in  the  presence  of  extensive  plasticity  have  been 
largely  resolved  through  the  use  of  J,  or  CTOD-oased,  methodologies ,  as  evidenced  by  the 
results  of  Dowling  [40]  in  Fig.  4.  It  is  now  apparent  that  much  earlier  data  indicating 
differences  in  long  and  short  crack  behavior  can  be  traced  to  the  fact  that  growth  rates 
were  compared  at  equivalent  AK  values,  and  that  the  use  of  this  LEFM  parameter  did  not 
provide  an  adequate  characterization  of  the  short  crack  tip  fields  where  a  'v  ry.  However, 
for  the  case  of  short  cracks  emanating  from  notches,  where  initial  growth  is  occurring 
within  the  plastic  zone  of  the  notch  (Fig.  S),  a  continuum  mechanics  description  of 
behavior  is  less  clear.  Certainly  there  is  experimental  evidence  that  such  short  cracks 
can  propagate  below  the  long  crack  threshold  at  progressively  decreasing  growth  rates 
(Fig.  6)  and  even  arrest  to  form  non-propagating  cracks  [31,32,45],  but  such  behavior 
has  been  also  shown  in  the  absence  of  a  notch  and  attributed  alternatively  to 


contribution  from  crack  closure,  which  progressively  decreases  the  effective  AK 
experienced  at  the  crack  tip  resulting  in  a  progressive  reduction  in  crack  growth  rate 
and  sometimes  complete  arrest. 

An  analogous  situation  can  arise  due  to  the  contribution  from  roughness- induced  crack 
closure  promoted  by  rough,  irregular  fracture  surfaces,  particularly  where  the  crack 
extension  mechanism  involves  a  strong  single  shear  (Mode  II  +  Mode  1)  component  [50,59,60], 
Since  a  crack  of  zero  length  can  have  no  fracture  surface  and  hence  no  roughness- induced 
closure,  it  is  to  be  expected  that  the  development  of  such  closure  will  be  a  strong 
function  of  crack  size  [50-521,  as  demonstrated  by  the  experimental  data  of  Morris  et  al . 
[51]  in  Fig.  8.  A  lower  bound  estimate  for  the  transition  crack  size  below  which  roughness- 
induced  closure  will  be  ineffective  (at  near- threshold  levels]  can  be  appreciated  from 
Fig.  11  [50].  The  long  crack,  which  encompasses  several  grains,  will  at  near- threshold 
levels  have  developed  a  faceted  morphology  and,  due  to  incompatibility  between  mating 
crack  surfaces  from  the  Mode  II  crack  tip  displacements,  will  be  subjected  to  roughness- 
induced  closure  in  the  manner  depicted  in  Fig.  7.  The  short  crack,  however,  will  be 
unable  to  develop  such  closure  whilst  its  length  remains  less  than  a  grain  diameter  since, 
although  it  is  advancing  via  the  same  single  shear  mechanism,  it  will  not  have  changed 
direction  at  a  grain  boundary  and  accordingly  will  not  have  formed  a  faceted  morphology. 

In  general,  since  the  majority  of  results  showing  differences  in  long  and  short 
crack  growth  rates  have  been  observed  at  low  stress  intensity  ranges,  and  since  the 
fatigue  crack  propagation  behavior  of  long  cracks  in  this  near- threshold  regime  is  known 
to  be  strongly  influenced  by  crack  closure  effects,  it  is  our  belief  that  the  major 
reason  for  the  faster  growth  of  short  cracks  and  the  fact  that  they  can  propagate  below 
the  long  crack  threshold  AKq  is  associated  with  a  decreasing  role  of  closure  at  decreasing 
crack  sizes.  In  this  regard  it  would  be  useful  to  compare  short  crack  data  with  data  for 
long  cracks  at  high  load  ratios,  since  closure  effects  are  minimal  here  even  for  long 
cracks.  Where  this  has  been  done,  i.e.,  for  crystallographic  near- threshold  fatigue  in 
nickel-base  alloys  [50],  the  threshold  for  short  cracks,  despite  being  60%  smaller  than 
the  long  crack  threshold  at  R  =  0.1,  was  approximately  equal  to  the  long  crack  threshold 
at  R  ■  0.7. 

Finally,  large  differences  in  the  behavior  of  long  and  short  cracks  can  arise  at 
stress  intensities  well  outside  the  threshold  regime  due  to  environmental  factors 
[4,48,49].  As  shown  in  Fig.  8,  the  results  of  Gangloff  [4,48]  have  demonstrated  that  the 
corrosion  fatigue  crack  growth  rates  of  physically- short  cracks  in  4130  steel  tested  in 
aqueous  NaCl  solution  can  be  1-2  orders  of  magnitude  faster  than  the  corresponding  growth 
rates  of  long  cracks  at  the  same  AK  value.  This  unique  environmentally-assisted  behavior 
of  short  cracks  was  attributed  to  differing  local  crack  tip  environments  as  a  function  of 
crack  size.  Specifically,  the  local  concentration  of  the  embrittling  species  within  the 
crack  was  reasoned  to  depend  on  the  surface  to  volume  ratio  of  the  crack,  on  the  diffusive 
and  convective  mass  transport  to  the  crack  tip,  and  on  the  distribution  and  coverage  of 
active  sites  for  electrochemical  reaction,  all  processes  sensitive  to  crack  depth,  opening 
displacement  and  crack  surface  morphology  [48].  Analogous,  yet  less  spectacular,  environ¬ 
mental  crack  size  effects  may  also  arise  in  gaseous  environments,  where  for  example  the 
presence  of  hydrogen  may  induce  an  intergranular  fracture  mode.  The  rough  nature  of  this 
failure  mechanism  would  promote  roughness- induced  closure  which  again  act  to  primarily 
influence  the  long  crack  behavior  by  reducing  AK^ff- 

These  examples  of  the  differences  in  behavior  of  fatigue  cracks  of  varying  size  are 
a  clear  indication  of  where  the  fracture  mechanics  similitude  concept  can  break  down. 

The  stress  intensity,  although  adequately  characterizing  the  mechanical  driving  force  for 
crack  extension,  cannot  account  for  the  chemical  activity  of  the  crack  tip  environment, 
or  the  local  interaction  of  the  crack  with  microstructural  features.  Since  these  factors, 
together  with  the  development  of  crack  closure,  are  a  strong  function  of  crack  size,  it 
is  actually  unreasonable  to  expect  identical  crack  growth  behavior  for  long  and  short 
cracks.  Thus,  in  the  absence  of  the  similitude  relationship,  the  analysis  and  utilization 
of  labo»-atory  fatigue  crack  propagation  data  to  predict  the  performance  of  in-service 
components,  where  short  cracks  are  present,  becomes  an  extremely  complex  task,  a  task 
which  immediately  demands  a  major  effort  in  fatigue  research  from  both  academics  and 
practical  engineers  alike. 


5.  CONCLUDING  REMARKS 

The  problem  of  short  cracks  must  now  be  recognized  as  one  of  the  most  important 
topics  facing  current  researchers  in  fatigue.  Not  only  is  it  a  comparatively  unexplored 
area  academically,  but  it  raises  doubts  in  the  universal  application  of  fracture  mechanics 
to  the  characterization  of  sub-critical  flaw  growth  and  accordingly  has  the  potential, 
from  the  engineering  viewpoint,  for  creating  unreliable,  non-conservative  defect- tolerant 
lifetime  predictions.  In  the  current  paper,  we  have  attempted  to  provide  an  overview  of 
the  recent  experimental  studies  on  the  growth  of  small  fatigue  cracks,  and  specifically 
to  outline  the  mechanical,  metallurgical  and  environmental  reasons,  as  to  why  the  behavior 
of  such  cracks  should  differ  from  the  behavior  of  long  cracks.  Our  Intent  was  not  to 
present  a  formal  analysis  of  each  of  these  factors,  since  in  most  cases  such  analysis 
simply  does  not  exist,  but  rather  to  thoroughly  review  the  many  inter-disciplinary 
factors  which  may  be  relevant.  He  conclude  that  behavioral  differences  between  the  short 
and  long  flaw  are  to  be  expected,  and  such  differences  can  arise  from  a  number  of  distinct 
phenomena,  namely:  i)  inadequate  characterization  of  the  crack  tip  stress  and  deformation 
fields  of  short  cracks  due  to  extensive  local  plasticity,  11)  notch  tip  stress  and 


deformation  field  effects,  iii)  interaction  of  short  cracks  with  raicrostructural  features, 
e.g.,  grain  boundaries,  inclusions,  second  phases,  etc.,  of  dimensions  comparable  in 
size  with  the  crack  length,  iv)  differences  in  crack  shape  and  geometry,  v)  differences 
in  crack  extension  mechanisms,  vi)  differences  in  the  contribution  from  crack  closure 
mechanisms  (specifically  plasticity-  and  roughness- induced)  with  crack  length,  and 
finally  vii)  differences  in  the  local  crack  tip  environments.  Each  of  these  factors 
represents  a  formidable  challenge  in  fatigue  research,  because  of  the  complex  nature  of 
both  experimental  and  theoretical  studies,  yet  their  importance  is  undeniable.  We  trust 
that  the  proceedings  of  this  conference  will  provide  a  significant  step  in  increasing  our 
understanding  of  this  important  topic. 
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Fig.  1;  Linear  elastic  K|  solutions  for  a 
crack,  length  t,  emanating  from  a  circular 
notch,  radius  c,  in  an  Infinite  plate  sub¬ 
jected  to  a  remotely  applied  uniaxial 
tensile  stress  o.  Short  (K.)  and  long  (Kf) 
crack  limiting  solutions  and  numerical 
solution  are  shown.  After  Dowling  (1978). 


Fig.  2:  Effect  of  grain  size  (dg)  on  the 
growth  of  microstructurally-short  fatigue 
cracks  in  707S-T6  aluminum  alloy  (on  •  SIS 
MPa).  Micro-crack  growth  rate  (da/dN)  data, 
for  two  grain  sizes  (dg. >  dg.),  show  growth 
rate  minima  approximately  where  crack  length 
a  'V  da,  below  the  long  crack  threshold  AKo. 
After'lankford  (1982). 
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Fig.  3:  Variation  of  threshold  stress 
(AoTH)f  normalized  with  respect  to  the 
smooth  bar  fatigue  limit  (doel ,  and 


threshold  stress  intensity  (AKthJ > 
normalized  with  respect  to  the  long  crack 
threshold  (AKq),  with  crack  length  (a), 
normalized  with  respect  to  the  intrinsic 
crack  length  (ag  -  l/irCAKg/Aoe]^) .  After 
Tanaka  et  al  (1981). 


Fig.  4:  Variation  of  fatigue  crack  growth 
rate  (da/dN)  for  long  (a  i  25  mm)  and  short 
(a  5  0.18  mm)  cracks  in  A533B  steel 
(og  “  480  MPa)  under  plastic  loading,  where 
data  are  analyzed  in  terms  of  AJ.  After 
Dowling  (1977). 
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Fig.  5:  Schematic  illustration  of  crack 
tip  notch  plastic  strain  field 
associated  with  the  growth  of  a  short 
crack,  length  t,  emanating  from  a  notch  of 
depth  c  and  root  radius  p.  After  Hammouda 
and  Miller  (1979). 
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Fig.  6;  Schematic  illustration  of  the 
elastic-plastic  and  linear  elastic  charac¬ 
terization  of  the  kinetics  of  crack  growth 
for  a  short  crack  propagating  from  a  notch 
(as  shown  in  Fig.  5).  After  Hammouda  and 
Miller  (1979). 


Fig.  7:  Schematic  illustration  of  the  mechanisms 
of  fatigue  crack  closure  induced  by  plasticity 
effects,  corrosion  debris  and  rough  fracture 
morphologies.  *Kg££  is  the  effective  stress 
intensity  range,  defined  as  -  Kci,  where  K^i 
is  the  stress  intensity  to  close  the  crack 
(Kci  ?  Kpiin).  After  Ritchie  and  Suresh  (1982) 


Fig.  8:  Variation  in  crack  mouth  opening  displacement 
(at  zero  load),  with  crack  length  a,  of  small  surface 
cracks  in  6Al-2Sn-4Zn-6Mo  titanium  alloy  (oq  =  1140 
MPa),  primary  a  grain  size  •  4  um,  g  grain  size  * 

12  um),  showing  reduction  in  crack  closure  with 
decreasing  crack  size.  After  Morris  et  al.  (1982). 
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Fig.  9;  Variation  in  fatigue  crack  growth  rate 
(da/dN)  as  a  function  of  AX  for  long  (a  'v  SO  nri) 
and  physically- short  (a  =  0.1 -0.8  nm)  cracks  in 
4130  steel  (oq  •  1300  MPa)  tested  in  moist  air 
and  aqueous  3%  NaCl  solution.  After  Gangloff 
(1981). 
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Fig.  10:  Crack  opening  profiles  and  resulting  long 
crack  path  morphologies  for  (a),  (b),  (c)  near¬ 
threshold  (Stage  I)  and  (d),  (e),  (f)  higher  growth 
rate  (Stare  II)  fatigue  crack  propagation,  (b)  and 
(e)  are  nickel-plated  fracture  sections  in  1018 
steel  (after  Minakawa  and  McEvily,  1981),  and  (c) 
and  (f)  are  metal lographic  sections  in  7075-TS 
alunimm  alloy  (after  Louwaard,  1977,  quoted  in 
ref.  3).  After  Suresh  and  lUtchie  (1982). 


Fig.  11:  Idealization  of  a  microstructurally- short 
and  a  microstructurally-long  crack  propagating  at 
near-threshold  levels  by  single-shear  Stage  I 
mechanism.  Note,  with  reference  to  Fig.  7,  how 
roughness- induced  cradc  closure  will  be  promoted 
only  in  the  long  crack  case.  After  Suresh  and 
Ritchie  (1982). 
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The  growth  of  short  fatigue  cracks,  where  the  Paris  law  does  not  appear  to  hold.  Is 
Iscussed.  In  this  regime  the  mechanisms  of  fatigue  damage  are  of  Importance  to  an 
understanding  of  the  role  of  microstructure  In  affecting  growth  rate.  The  paper  reviews 
the  operative  mechanisms  and  their  effect  on  short  crack  growth.  — 


1 .  INTRODUCTION 

Fatigue  failures  continue  to  occur  In  service  components  despite  the  vast  Increase 
In  knowledge  of  fatigue  mechanisms  which  has  taken  place  during  the  past  twenty  years , 
In  particular.  Instead  of  attempting  to  design  on  the  basis  of  a  fatigue  or  endurance 
limit  and  seeking  to  keep  stresses  sufficiently  low  that  fatigue  failure  can  be 
considered  unlikely,  designers  have  developed  the  approach  based  on  linear  elastic 
fracture  mechanics  (LEFM) ,  which  considers  that  all  structures  contain  defects  and  that 
the  rate  of  growth  of  such  defects.  In  the  form  of  fatigue  cracks,  can  be  predicted 
from  a  knowledge  of  the  stress  spectrum  applied  itnd  of  the  material  constants  C  and  m 
In  the  Paris  Law  [1], 


da/dN  -  C(dK)“  (1) 

where  a  Is  crack  length,  N  Is  number  of  load  cycles,  and  AK  Is  the  range  of  stress 
Intensity  factor. 

Subsequently,  a  number  of  deviations  from  this  simplistic  approach  have  become 
recognized.  These  include  the  following: 

•  Environmental  effects  can  markedly  alter  crack  growth  rate  and  the  conditions 
for  crack  Initiation. 

•  Where  there  are  high  local  stresses  leading  to  local  plasticity,  LEFM  approaches 
may  break  down  and  elastic-plastic  fracture  mechanics  (EPFM)  techniques  of 
analysis  may  be  required. 

•  A  threshold  condition  In  terms  of  AK  Is  observed,  below  which  a  fatigue  crack 
will  not  grow. 

•  Cracks  may  become  non-propagating  after  growing  for  some  time. 

•  Overloads  may  cause  retardation  of  subsequent  crack  growth  rate. 

•  Short  cracks  (less  than,  say,  a  few  grain  diameters  In  length,  or  a  longer 
crack  contained  In  a  more  extensive  plastic  zone)  do  not  follow  LEFM  In 
their  growth  behaviour,  but  can  grow  much  sure  quickly. 

•  Crack  closure,  leading  to  a  reduction  In  the  effective  value  of  the  range  of 
stress  Intensity  factor,  causes  crack  growth  predictions  to  vary  from  those 
obtained  from  Eq.  (1). 

e  Mlcrostructural  effects,  which  are  normally  considered  to  be  relatively 

unimportant  In  fatigue  crack  growth  predictions,  can  become  very  significant 
when  dealing  with  snort  cracks  and  threshold  conditions. 

In  the  context  of  aircraft  structures,  with  the  introduction  of  the  concept  of 
damage  tolerant  design  [2]  and  consideration  of  the  distribution  of  cracks  in  a 
structure.  It  has  been  shown  that  small  Cracks  can  affect  the  residual  strength  of  a 
member  [3,  4].  Thus  it  is  of  considerable  importance  to  be  able  to  estimate  the 
growth  race  of  short  cracks  in  predicting  the  safe  life  of  aircraft  structures. 

The  present  paper  attempts  to  outline  end  review  aspects  of  the  short  fatigue 
crack  problem  with  some  co^hasis  on  mlcrostructural  and  mechanistic  aspects. 


2.  THE  FRACTUEE  MECHAHICS  APPROACH 

It  is  appropriate  to  review  briefly  the  frecture  mechanics  approach  to  fatigue 
crack  propagation  beoauee  of  Its  widespread  use,  and  to  illustrate  its  limitations. 


The  Paris  law  given  in  Eq.  (1)  represents  the  linear  portion  only  of  the  log 
(da/dN)  versus  log  (AK)  plot  shown  in  Fig.  1.  At  low  values  of  AK  there  is  a  threshold, 
AKth.  approaching  which  cracks  propagate  more  slowly  than  might  be  predicted  from  the 
Paris  law,  while  reaching  final  fracture  the  growth  rate  accelerates  as  the  maximum 
value  of  stress  intensity  factor  Kmax  -♦Kc-  However,  it  has  been  observed  that  at 
short  crack  lengths,  cracks  can  grow  at  values  of  AK  <  AK^h,  and,  with  increase  in  its 
length,  the  crack  may  either  become  non-propagating  or  subsequently  grow  according  to 
the  conventional  growth  curve.  This  is  illustrated  in  the  schematic  plot  of  Fig.  2. 

Our  discussion  will  be  concerned  primarily  with  the  regime  of  the  crack  growth  curve  at 
and  below  the  long  crack  threshold  condition. 

The  work  of  Elber  [5,  6]  and  others  [7,  8,  9]  has  shown  that  crack  closure  commonly 
occurs,  particularly  in  plane  stress  conditions,  so  that  the  Paris  law  has  to  be 
modified  to  the  form 


da/dN  =  C  (aKgff)“  (2) 

where  C  is  a  material  constant  and  Kgff  =  Kniax  ~  Kop.  Kop  being  the  stress  intensity 
factor  when  the  crack  starts  to  open.  Alternatively,  we  may  write 

da/dN  =  C (UAK)“  (3) 

where  the  effective  stress  range  factor  U,  is  defined  in  terms  of  the  maximum,  minimum 
and  crack  opening  stress  as  -  OoD^^^°max  '  °min^  ‘  ^  depends  on  the  stress  ratio 

R  (=  o  i  /omflv) ,  the  ratio  of  applied  stress  to  yiela  stress,  and  the  cyclic  strain 
hardening  exponent,  n  [10,  11].  In  the  near  threshold  regime,  the  effect  of  crack 
closure  may  be  greater  and  AK^ff  can  depend  on  R  to  a  considerable  extent  [12].  At 
higher  values  of  R,  where  closure  does  not  occur  to  a  significant  degree,  if  at  all, 
AK^l,  is  expected  to  become  Independent  of  R. 

At  the  threshold  condition  for  "long"  fatigue  cracks,  a  crack  either  stops  growing 
or  will  Just  start  to  grow,  and 


AK^j^  =  Ao/ana  (A) 

a  being  a  geometrical  factor.  For  a  surface  crack, 

AKj,j^  -  1.12  Ao/ifa  (5) 

Thus,  to  avoid  fatigue  crack  growth,  and  neglecting  the  effect  of  closure  which  can 
be  accommodated  as  already  outlined,  we  have  the  condition  that,  for  a  surface  crack, 

AK  -  1.12  Ao/ia  <  AK^.^^  (6) 

Crack  Initiation  can  be  considered  in  terms  of  the  local  stress  range  being  above 
that  at  the  fatigue  limit;  or,  for  no  initiation,  the  applied  stress  range 

Ao  £  Aa^/k^  (7) 

AOg  being  the  fatigue  limit  and  k^  being  the  local  elastic  stress  concentration  factor. 
However,  it  has  been  shown  that  a  better  correlation  exists  for  notched  specimens  using 
the  relation  [13] 


Ao  £  AOtj/kf  (8) 

where  k^ ,  the  fatigue  strength  reduction  factor,  is  given  by 

kf  -  [1  +  7.69(c/p)^^^]’-''^  (9) 

in  which  c  and  p  define  the  notch  geometry,  as  shown  in  Fig.  3. 

It  may  be  seen  that  while  Eq.  (8)  apparently  predicts  crack  Initiation  at  a  notch  or 

surface  discontinuity,  the  propagation  of  a  very  small  crack  will  not  be  expected  to 
occur,  based  on  a  fracture  mechanics  approach,  as  AK  ->  0  as  a  0  and  AK  will  be  <<AK£(,. 
To  overcome  this  problem  various  corrections  have  been  suggested,  one  of  the  simplest 
and  most  satisfactory  being  that  of  Smith  and  Miller  [14],  who  pointed  out  that  a  crack's 
growth  from  a  notch  will  be  controlled  by  the  notch-generated  plasticity  rather  than 
crack  tip  plasticity,  until  the  crack  moves  ou"  of  the  plastic  zone.  This  is  illustrated 
in  Figs .  3  and  4 . 

The  minimum  stress  range  required  for  crack  growth  from  a  surface  crack  at  a  notch 
can  be  written  as 

-1/2 

Ao  -  0.5  AKtijC  (10) 


since 

AK  -  Ao  1.12[ii(c  +4)]^''^  -  AKth 


and  t  <  <  c . 


(11) 


When  notched  and  unnotched  specimens  are  considered,  the  crack  growth  rates  become 
Identical  at  crack  lengths  of  i  and  L,  respectively,  under  the  same  applied  stress 
range,  Ao .  Considering  the  notched  specimen  to  have  an  equivalent  crack  length 
L  =  t  +  e,  and  equating  AK  in  both  cases  (da/dN  being-identical) ,  the  notch  contribution, 
e,  within  the  notch  stress  field  (for  I  <  0 . 13(c/p)^' was  determined  as  [14] 

e  =  7.69{,(c/p)’-^^  (12) 

and  the  stress  intensity  factor  range  for  the  equivalent  crack  is 

AK  =  [1  +  7.69  (c/p)^^^]^^^Ao(Tr£)^''^  (13) 

Thus,  we  have  the  conditions  for  propagating  or  non-propagating  cracks  and  for 
crack  initiation,  as  illustrated  in  Fig.  5. 

We  may  also  consider  the  condition  where  LEFM  breaks  down  when  the  crack  tip 
plastic  zone  size,  r  ,  is  greater  than  the  crack  length.  In  such  a  case  the  crack 
growth  rate  will  aga^n  be  greater  than  expected  from  LEFM  predictions  using  the  Paris 
law,  and  EPFM  procedures  will  apply. 


3.  SHORT  CRACK  GROWTH 

Based  on  Eqs .  (7)  or  (8)  and  (5)  or  (10),  the  limiting  stress  range  for  fatigue 
can  be  plotted  as  a  function  of  crack  length  as  shown  in  Fig.  6.  The  sloping  line 
has  a  slope  of  -1/2  on  the  log/log  scale,  since  K  “  (a)^''^.  The  point  of  intersection 
of  the  two  straight  lines  has  been  defined  as  being  at  a  crack  length  I  [16],  and  this 
may  be  considered  as  the  minimum  crack  size  for  propagation  at  the  endurance  limit.  At 
any  stress  range  greater  than  Aa  ,  and  in  the  absence  of  any  defects,  a  crack  of  length 
^  could  be  expected  to  form  rapidly  [17] .  Experimental  data  indicate  that  deviations 
from  this  idealized  situation  occur  in  practice,  the  data  of  Kitagawa  and  Takahashi 
[15]  being  shown  in  Fig.  6.  It  may  be  seen  that  deviations  from  the  straight  lines 
commence  at  and  ly,  and  it  has  been  found  that,  for  cracks  of  length  1(1^  <  i  <  iy) , 
the  growth  race  is  faster  than  expected  from  the  Paris  law,  and  the  value  of  AK  . 
will  be  less  than  that  obtained  from  long  crack  data. 

The  value  of  1  is  easily  defined  without  requiring  experimental  verification 
other  than  Aa  and  oa/dN  versus  AK  data.  However,  experimental  data  are  required  to 
define  both  £?  and  i,-  Little  data  exist  for  ,  the  length  below  which  cracks  have 
no  effect  on  ratigue^strength,  although  there  Is  a  definite  correlation  between  both 
I  and  and  a  characteristic  measurement  of  mlcrostructural  size.  This  measurement 
is  typically  the  grain  size,  or  the  lath  spacing  or  lath  packet  size  in  quenched  and 
tempered  sheets,  and  Ls  typically  of  the  order  of  several  mlcrostructural  units 

[17,  18].  Thus,  it  may  be  suggested  that  is  probably  of  the  order  of  one  micro- 

structural  unit,  on  the  basis  that  a  crack  Within  a  grain,  for  example,  will  grow 

rapidly  until  it  reaches  the  grain  boundaries  where  it  may  be  Impeded. 

Figure  7  shows  schematically  the  form  of  the  dependence  of  Aa  and  AK  .  on  grain 
size.  As  grain  size  is  Increased  the  fatigue  limit  falls  and  the  chresholo%alue 
increases.  Hence,  to  define  initiation  and  early  growth  effects  more  precisely,  large 
grained  specimens  are  to  be  preferred. 

In  the  case  where  a  short  crack  is  driven  forward  by  notch  plasticity  as 
Illustrated  in  Figs.  3  and  4,  for  example  from  a  hole  in  a  lug  or  at  a  fastener  hole 
in  a  structural  member,  mlcrostructural  effects  will  be  of  relatively  little 
significance.  Here,  the  crack  growth  rate  depends  on  the  geometry  of  the  notch  and 
the  short  crack,  and  on  the  extent  of  the  notch  plastic  zone.  The  growth  rate  can  be 
predicted  using  the  procedures  outlined  by  Hammouda  ^  a^.  [19],  for  example.  In 
this,  the  crack  tip  plastic  shear  displacement  is  considered  as  arising  from  the 
notch  plasticity  ♦  and  from  the  plastic  deformation  directly  generated  at  the  crack 
tip,  <ti  .  Thus,  P 


*  -  *  +4 

^t  ^p  ^e 

The  displacement  can  be  evaluated  from  LEFM  as 

-  (AK)^/(/7  E  Aaj.y) 


where  Aa  is  the  cyclic  yield  stress  range.  AK  can  be  calculated  from  the  data  of 
Smith  ana^Miller  [13]  or  Newman  [20] ,  while  can  be  determined  by  considering  a 
crack  of  length  L  propagating  in  elastically  stressed  bulk  material  at  the  same  rate 
as  a  crack  of  length  1  in  the  plastic  zone  of  a  notched  component:  4  can  be  determined 
from  Eq.  (14).  At  the  point  of  crack  initiation  at  the  notch  root  ♦  0,  and  at  the 

crack  exits  from  the  notch  plastic  zone  4  «  0.  An  elastic-plastic  finite  element 

analysis  and  cosiputatlonal  study  has  shown  that  the  growth  rate  of  such  short  cracks 
can  be  modelled  successfully  from  initiation  to  their  outgrowth  from  the  notch  plastic 
field  [19]  . 


4.  MICROSTRUCTURAL  AND  MECHANISTIC  ASPECTS 


Many  of  the  observations  reported  regarding  the  rapid  growth  of  small  cracks  (In 
the  absence  of  notch-plastlclty)  ,  threshold  conditions  and  the  effect  of  R  on  4K,.u  ®sy 
be  rationalized  when  mechanistic  aspects  of  fatigue  crack  growth  are  considered. 

It  Is  now  well  established  that  fatigue  damage  Initiates  along  slip  bands  In 
surface  grains,  although  specific  exceptions  occur  In,  for  example,  titanium  where 
sub-surface  crack  Initiation  can  take  place  [21],  or  with  crack  Initiation  at  Inclusions. 
A  crack  then  forms  at  the  side  of  a  persistent  slip  band  (PSB)  which  has  developed, 
and  grows  Initially  In  Stage  I,  using  the  nomenclature  of  Forsyth  [22].  Such  a 
microcrack  will  be  contained  within  a  simple  grain  and  will  generally  be  accompanied  by. 
the  formation  of  other  cracks  In  adjacent  grains,  all  growing  along  planes  most 
favourably  oriented  for  slip. 

The  microcracks  will  link  up  to  produce  a  crack  front  which  Is  Irregular  and  of 
varying  orientation  along  Its  length  [23].  To  allow  further  growth  with  the  crack 
front  moving  forward  In  a  consistent  manner  as  It  penetrates  more  deeply  Into  the 
material,  additional  slip  systems  must  come  Into  play,  and  the  crack  front  turns  to 
allow  continued  growth  In  Stage  II,  approximately  at  right  angles  to  the  tensile  stress 
In  an  unlaxlally  loaded  situation.  Continued  growth  depends  on  the  extent  of  crack 
tip  plasticity  and  the  crack  tip  opening  In  each  load  cycle. 

Thus.  In  a  small  surface  crack  the  early  stages  of  growth  are  not  greatly 
restrained  by  grain  boundary  or  other  obstacles.  Only  when  the  crack  fronts  of 
several  microcracks  link  up  and  the  crack  Is  forced  to  turn,  with  several  slip  systems 
operating  and  the  crack  front  moving  In  a  coherent  manner,  will  the  growth  rate  slow 
down  significantly  tinder  the  Influence  of  the  mlcrostructural  obstacles  present.  If 
the  crack  tip  plasticity  Is  Insufficient  and  4K  <  4K  .  the  crack  will  stop:  If 
4K  >  the  growth  rate  will  accelerate  until  the  Paris  law  of  Eq.  (1)  Is  followed. 

In  the  threshold  regime,  and  considering  a  long  crack,  the  growth  per  cycle  is 
small  and  the  average  growth  rate  may  be  less  than  one  lattice  spacing/cycle.  There 
is  a  tendency  for  continued  slip  band  cracking  to  occur  at  the  crack  tip,  together 
with  crack  branching,  as  illustrated  in  Fig.  8  [23].  The  threshold  fatigue  regime 
fracture  surface  presents  much  less  clearly  defined  strlatlons  than  under  faster 
conditions  of  crack  growth,  and  in  some  instances  no  evidence  of  strlatlons  may  be 
found,  even  although  these  do  develop  at  higher  values  of  AK. 

The  phenomena  of  crack  branching,  slip  band  cracking  and  an  irregular  crack 
front  all  contribute  to  an  actual  K  value  below  that  which  might  be  expected  based 
on  crack  length  and  applied  stress.  This  contributes  to  the  production  of  a  reduced 
growth  rate  in  the  threshold  region  below  that  expected  from  simple  fracture  mechanics 
observations . 

Clearly,  mlcrostructural  features  will  have  a  significant  influence  on  the 
fracture  surface  appearance,  and  the  threshold  regime  crack  growth  rate  can  be  affected 
significantly  by  the  mlcrostructural  units  which  characterize  the  material,  e.g.,  the 
grain  size,  Inclusion  or  precipitate  size,  or  lath  packet  size.  Also,  such  cracks 
have  a  *-endency  to  propagate  In  Mode  II,  shear  steps  showing  on  the  fracture  surface, 
together  with  a  serrated  crack  path.  Figure  9  Illustrates  overall  Mode  I  growth, 
normal  to  the  tensile  stress  axis,  but  involving  localized  Mode  II  shearing  [24]. 

The  effect  of  the  stress  ratio,  R,  on  fatigue  thresholds  and  the  extent  of  crack 
closure,  which  Is  Itself  related  closely  to  R,  are  not  clear.  The  work  of  Mlnakawa  and 
McEvlly  [24]  Indicated  high  levels  of  crack  closure,  as  may  be  seen  In  Fig.  9  because 
of  the  relative  displacement  of  A  and  A' ,  and  consequently  a  large  dependence  of  short 
crack  growth  rate  upon  P..  However,  other  workers  have  Indicated  that  little.  If  any, 
closure  occurs  In  short  surface  cracks ,  leading  to  a  growth  rate  largely  Independent 
of  R  [17,  23].  This  effect  may  be  considered  to  be  dependent  on  microstructure:  if 
the  grain  size  Is  small,  the  magnitude  of  surface  asperities  will  be  small.  In 
addition,  because  of  the  residual  plasticity  produced  in  the  wave  of  a  large  crack,  a 
larger  degree  of  crack  closure  may  be  expected  than  would  be  the  case  for  a  small  edge 
crack  [23]  . 

Microstructure  affects  crack  growth  rate  where  the  Paris  law  holds  true,  to  the 
extent  that  It  controls  the  yield  stress  and  the  size  of  the  crack  tip  plastic  zone. 

In  the  short  crack  regime  for  unnotched  specimens  the  crack  growth  rate  Is  very 
dependent  upon  microstructure  as  previously  noted,  and  Fig.  10  Illustrates  this  [17]. 

This  observation  led  Taylor  and  Knott  [17]  to  suggest  that,  for  design  purposes,  it 
should  be  assumed  that  cracks  of  length  are  already  present.  However,  there  is  no 
obvious  way  to  quantify  the  number  of  sucn  cracks  which  might  be  present  in  a 
structure  and  they  could  not  be  taken  into  account  in  estimating  the  size  distribution 
of  a  population  of  cracks  in  the  structure. 


S.  CLOSING  REMARKS 

It  is  hoped  that  the  foregoing  review  has  illustrated  the  fact  that  the  growth 
of  short  cracks  in  fatigue  can  be  affected  greatly  by  mlcrostructural  conditions.  A 


more  complete  understanding  of  the  problem  requires  extensive  data  collection  and 
analysis,  and  the  effects  of  R  on  crack  growth  rate  and  on  aK^Jj  can  only  be  determined 
by  careful  study  of  a  wide  range  of  material  having  a  variety  of  microstructural 
conditions.  Such  studies  must  Include  metallographic  and  fractographic  observations. 
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Consideration  of  environmental  effects  has  been  excluded  here;  however,  such 
effects  do  need  further  study  as  they  modify  the  mechanisms  and  rate  of  growth  of 
short  cracks. 


Finally,  it  is  hoped  that  short  crack  growth  where  microstructural  effects  are 
important  has  been  separated  from  the  situation  where  notch  plasticity  causes  growth. 
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Ig.  2.  Schematic  plot  showing  the  growth  rate 
of  a  short  fatigue  crack.  For  fioi  the 
crack  continues  to  grow  as  a  long  crack 
after  Initial  deceleration.  In  the 
case  of  Aa2  the  crack  becomes  non* 
propagating  as  &K  never  reaches  AK^h- 
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Fig.  3.  A  short  fatigue  crack  growing 
from  a  notch  with  Its  growth 
controlled  by  the  notch¬ 
generated  plasticity. 
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Fig.  4.  The  fatigue  crack  growing  from  the 
notch  has  moved  out  of  the  notch¬ 
generated  plastic  zone  and  Is  now 
driven  forward  by  crack  tip 
plasticity. 
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The  conditions  for  crack  Initiation  and  crack 
propagation  in  a  notched  component . 
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Fig.  8.  Different  crack  growth  mechanisms  at  low  and  high  AK  in  coarse  grained  7075-T6 
alxnninum  tested  at  -100'’C  in  vacuum.  After  Schijve  [23]. 


Fig.  9.  Schematic  illuetration  of  combined  Mode  I  end  Mode  II  creek 
growth.  After  Minekewe  end  McEvily  [24]. 
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Fig.  10.  Five  different  constant  load  range  tests  on  short  cracks  in  an 
aluminum  bronze,  the  final  crack  length  being  shown  for  each. 
After  Taylor  and  Knott  [17]. 
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1  INTRODUCTION 


At  any  conference  of  this  kind,  based  upon  s  new  and  potentially  exciting  research  topic,  the  proceedings 
are  inevitably  doain.'ted  by  research  workers.  This  is  rightly  so,  since  the  prime  purpose  of  the  meeting 
should  be  exchange  of  information  and  ideas,  and  generation  of  fresh  avenues  of  investigation.  There 
remains  however  the  requirement  to  justify  the  cost  of  research  and  in  this  respect  there  are  official 
views  that  the  bulk  of  research  should  be  aimed  at  a  design  objective,  although  perhaps  9-10%  of  research 
expenditure  can  be  speculative. 


The  purpose  of  this  paper  is  to  examine  the  application  of  small  crack  propagation  data  to  the  design  of 
aircraft  structures.  No  deliberate  attempt  is  made  to  cover  peculiarities  of  engine  construction.  It 
is  intended  to  generate  a  questioning  attitude  within  the  audience  to  exactly  how  small  crack  data  will 
be  applied  and  to  what  benefit.  It  is  not  the  intention  to  provide  the  answers!  Indeed  the  questions 
asked  may  not  be  thought  by  some  of  you  to  be  those  most  in  need  of  answers.  So  be  it.  Any  debate  which 
results  can  only  be  healthy  for  research  and  design. 


2  BEHAVIOUR  OF  SMALL  CRACKS 


Recent  research  has  suggested  that  small  cracks  grow  in  size  at  a  faster  rate  than  predicted  from  linear 
elastic  fracture  mechanics  (LEIM).  However  there  is  not  universal  agreement  that  such  fast  growth  does 
occur.  Some  careful  experimental  studies  have  failed  to  show  faster  crack  growth  than  would  be  calculated 
from  LEFM.  Naturally  saiall  cracks  propagate  in  a  regime  where  three  dimensions  are  significant  and  at 
surfaces  where  residual  stress  effects  may  be  important.  Accurate  stress  intensity  factor  (SIF)  solutions 
for  three  dimensional  cracks  are  few  and  apply  to  Idealised  smooth  crack  fronts,  a  condition  which  very 
rarely  applies  for  small  cracks.  In  fact  few  experimental  investigations  are  based  upon  a  claim  of  an 
exact  SIF  solution,  and  yet  it  is  recognised  that  crack  growth  rate  is  characterised  as  a  high  power 
function  of  SIF,  particularly  near  threshold  growth  conditions  where  small  crack  investigations  are 
perforce  made. 

Because  small  cracks  are  surface  cracks  the  local  surface  stresses  are  important.  Specimens  where  surface 
stresses  wore  knowi  to  exist  have  been  investigated  and  have  been  shown  to  correspond  in  a  qualitative 
sense  with  what  would  be  expected  of  LEIM  behaviour,  that  is  faster  crack  growth  occurs  when  tensile 
stresses  are  known  to  be  present.  A  closer  correspondence  between  experiment  and  prediction  is 
prohibited  by  a  lack  of  detailed  knowledge  of  the  surface  stresses.  Edwards  ^  has  measured  crack  growth 
rata  in  fretting  ;onditlons  and  has  shown  that  by  accounting  for  the  measured  fretting  stresses  some 
agreement  with  LbfM  prediction  can  bo  obtained.  However  even  here  growth  rate  was  consistently 
underestimated,  but  by  a  degree  which  could  be  explained  either  by  lack  of  a  really  accurate  SIF  solution 
or  by  materials  crack  growth  data  which  was  extrapolated  down  to  the  rates  of  interest.  More  recently 
he  has  shown  in  testa  on  comer  cracks  propagated  in  bending  that  fast  growth  at  short  crack  length  is 
more  likely  to  be  observed  under  random  amplitude  load  conditions  than  under  constant  amplitude,  an 
observation  which  could  be  related  to  residual  stress  effects. 

Host  evidence  of  fast  crack  growth  rata  at  short  crack  conditions  has  been  obtained  using  specimens  with 
established  cracks  which  have  been  "shertanad"  by  machining  the  specimen  surface.  In  the  present 
authors  opinion  this  is  an  extremely  dubious  way  to  produce  short  cracks.  Specimens  which  are  left 
"as  aaehinod"  will  is  all  probability  have  unrepresentative  straaaes  on  the  specimen  surface. 

Alternatively  strasa  relieving  nay  affect  the  residual  streamss  at  the  crack  tip  such  that  the 
remaining  condition  ia  not  that  which  would  bo  axperloncod  by  a  true  short  crack. 


The  voluM  of  atrotchod  aatarlal  at  tha  crack  tip  will  bo  diffarant  batwoan  abort  and  long  cracka  and 
it  ia  not  at  all  claar  what  affocta  atraaa  raliaving  will  hava.  Tharo  ia  alao  avidanca  that  crack 
aorphology  la  diffarant  botwaon  long  and  abort  cracka  and  what  affact  thia  haa  on  growth  rata  ia  opan  to 
apoculation.  Finally  aachining  of  a  apaclaan  aurfaca  will  alaoat  inavitably  altar  tha  crack  front  ahapa. 
In  Boat  caaaa  tha  aapact  ratio  will  bo  changod  by  aachining  and  alao,  alnca  crack  front  roughnaaa  chan^a 
with  incraaaing  crack  dopth,  tha  roughnaaa  of  tha  ahortanad  crack  will  not  be  appropriate  to  tha  new 
crack  alao. 

Recant  work  by  iMkford^  uaing  apaciaana  loaded  and  acannad  in  an  electron  acan  aieroacope  haa  ahown  a 
variety  of  bpaeiaan  behaviour.  Soaa  apaciaana  aahibitad  high  growth  rata  until  bacoaing  coincident 
with  tha  curve  for  crack  growth  for  long  cracka.  Other  apaciaana  contained  cracka  which  grew  faat 
initially  but  la  tar  reduced  in  crack  growth  rata,  aoaa  at^ping  coapletaly  while  othara  accelerated 
again  to  join  tha  long  crack  curve  (Fig  1).  niia  data  covara  all  tha  conditiona  pravioualy  obaarvad 
and  an  underatanding  would  potentially  explain  tha  ao  called  "abort  crack  behaviour". 

The  evidence  on  abort  crack  behaviour  haa  been  reviewed  in  aore  detail  elaewhare^.  Fbr  our  preaent 
purpoaea  the  concluaion  on  crack  length  at  which  abort  crack  behaviour  coincidea  with  long  crack  data 
can  be  restated.  The  vaat  aajority  of  thoaa  inveatlgationa  where  faat  growth  at  abort  crack 
length  was  found  showed  also  that  tha  growth  rata  appropriate  to  a  long  crack  had  been  attained  at  a 
crack  length  of  0.2^  to  0.3  aa  (0.010  to  0.02D  in).  n>e  few  claias  to  fast  growth  at  longer  lengths 
(up  to  1.0  am;  O.O'K)  in)  were  based  on  evidence  froa  reaachined  apaciaana. 

3  DESIGN  CONSIDERATIONS 

In  the  previous  section  the  evidence  for  short  crack  rapid  growth  effects  was  very  briefly  reviewed. 

It  was  concluded  that  since  soae  investigations  showed  rapid  growth  affects  while  others  showed  none, 
and  since  the  effective  lengths  in  which  short  crack  effects  declined  alao  varied,  one  intarprata.tion 
was  that  short  crack  effects  ware  speciaen  and  teat  condition  dependant.  Fiirther  tha  length  at  which 
long  crack  growth  rate  was  attained  was  unlikely  to  be  aore  than  0.30  aa,  and  apparently  never  aore 
than  1.0  aa.  In  order  to  assess  the  iaportanca  of  short  crack  affects  in  design  a  nuaber  of  aircraft 
conditions  are  now  considered. 


3.1  Safe  Life  Design 

3.1.  a  Initial  build  conditions. 

It  would  be  expected  that  for  safe  life  aeroplanes  which  are  designed  using  SN  data  rapid 
growth  of  nail  cracks  could  be  neglected.  It  has  bean  established  for  soae  long  tiae 
that  for  aild  stress  concentrations  soae  8o  to  90*  of  the  total  life  is  crack  free  7, 

However  in  practice  failures  aore  usually  occur  at  sharp  notches  or  where  fretting 
occurs.  It  haa  bean  shown  by  Edwards^  that  cracks  are  present  at  fretting  surfaces 
after  only  about  10*  of  total  life.  Thus  any  reaasesaaent  of  life  due  to  a  change  of 
role  or  load  condition  which  increases  tha  stress  on  a  fretted  coanwnant  should 
properly  concentrate  not  on  whole  life  but  on  crack  growth  life.  It  would  seea  that 
where  life  is  alaoat  wholly  either  cracked  or  crack  free  the  usual  techniques  of  life 
ratio  based  on  SN  data  are  quite  adequate,  even  if  in  practice  the  cycles  count  is 
doainated  by  crack  grotrth  life.  However  this  will  only  be  true  if  tha  SN  data  is  tnily 
representative  of  the  service  conditions.  For  example  saooth  speciaen  data  "corrected" 
to  allow  for  fretting  aay  be  quite  erroneous.  Problems  may  arise  where  the  life  is 
composed  of  aubatantial  proportions  of  cracked  and  crack  free  life  and  alao  where  the 
failure  mode  ia  dependant  upon  stress  level  or  spectrua. 

3. 1. b  Life  Extension  by  Structural  Audit. 

Tha  process  of  structural  audit  goes  soae  long  way  towards  a  reaasesaaent  of  a  safe  life 
aeroplane  on  damage  tolerance  principles.  Recently  civil  aeroplanes  have  been  subjected 
to  structural  audit  to  achieve  an  extension  in  life  beyond  the  present  certified 
clearance.  Many  allitary  aircraft  have  also  been  cleared  for  further  service  in  the 
saae  way,  not  nacesaarlly  to  extend  life  but  perhaps  to  ensure  safety  in  Service  by 
inspection  or  re-assesaaent  of  known  structural  "hot-spots".  A  clearance  for  further 
Service  use  aust  account  for  possible  damage  during  previous  flying,  usually  based  upon 
that  crack  siae  which  can  be  found  by  inspection,  or  perhaps  more  correctly  that  crack 
sise  which  can  be  found  with  a  high  degree  of  assurance  during  Inspection.  Thus,  for  a 
pressure  cabin,  "eye-ball"  inspectio'i  will  probably  bo  used  and  cracks  many  millimetres  in 
length  may  be  aisaed.  Experience  ox  examination  of  detail  fittings  suggests  that  with  the 
very  best  techniques  largo  cracks  can  be  aisaed.  Certainly  experience  suggests  that  many 
cracks  of  sise  less  than  laa  can  be  aisaed.  °  Since  there  ia  as  yet  no  suggestion  that 
rapid  growth  of  aaall  cracks  extends  beyond  this  sise  it  is  concluded  that  these  effects 
are  not  important  in  structural  audit. 

3.1.0  Repair  of  Safa  Life  Aeroplanes. 

It  is  eomaon  practice  to  remove  dasMgod  aaterial  at  bolt  holes  by  increasing  the  hole  sise. 
bperieneo  haa  shoMi  that  reaming  of  a  eraeked  hole  can  smear  across  the  crack  faces,  with 
the  result  that  the  crack  although  still  present  cannot  be  dotocted.  Because  of  this  it  is 
ooMon  practice  to  monitor  the  cleaning  out  of  damage  by  a  suitable  NDT  technique,  with  a 
fhfthor  cut  after  the  last  crack  fi'oe  indication  in  order  to  remove  any  residual  damage. 

Thus  an  apparently  crack  free  hole  would  be  produced.  This  would  bo  expoctad  to  produce  a 
NOW  clean  crack  free  surface  at  which  if  ao  further  precautions  were  taken  new  damage  could 
be  initiated.  To  support  further  service  the  design  authority  wiU  fellow  one  of  two  oouraes. 
The  life  to  date  aay  be  regarded  aa  a  fatigue  test  undor  realistic  conditions,  in  which  ease 
ibe  pert  will  be  inspected,  probably  at  aome  reduced  life  but  certainly  at  no  aore  than 


pravioualy  attained.  In  thia  caaa  no  further  crack  growth  calculationa  need  be  Bade. 
Alternatively  action  will  be  taken  to  iaprova  life  by  working  the  hole  or  by  uaa  of  ^  'j 

interference  fit  faatenera.  In  auch  a  caaa  a  new  aaaaaaaent  of  life  will  be  Bade  baaed 
upon  teat  evidence. 

In  aoBa  clrcuBatancaa  it  may  not  be  poaaible  to  take  the  final  cut  to  anaura  all  daBage  ia 
renoved  froB  the  hole.  Certainly  if  thia  occurred  crack  growth  calctilatlona  would  be 
neceaaary.  Hoat  probably  auch  calculationa  would  aaauaa  a  atarting  crack  aize  at  the 
reliable  liait  of  crack  detection,  perhapa  near  the  liBit  for  aBall  crack  effecta,  but  more 
probably  greater,  aay  not  lean  than  0.23  bb  but  Bore  likely  0.3  aa  or  greater.  Little 
evidence  haa  been  publiahed  on  growth  of  aBall  cracka  in  interference  atreaa  fielda,  but 
what  la  available  auggeata  that  LEFM  can  be  applied  with  adequate  aafety.^  Thua  in  the 
damage  repair  caae  it  alao  appeara  that  growth  of  aBall  cracka  ia  not  important. 

3.2  Oanaga  Tolerant  Deaign 

3. 2.  a  Safety 

10 

The  USAF  damage  tolerance  requirenenta  apecify  miniBua  crack  aizaa  which  must  be  assumed 
to  exist  ia  all  alrfraae  structures.  The  aoat  critical  of  these  is  specified  from  safety 
considerations  as  a  minimum  flaw  size  of  0.030"  (is  1.27  aa)  which  is  represented  as  a  semi 
circular  or  quarter  circular  crack  in  the  most  critical  location.  There  is  no  data  to 
suggest  the  possibility  of  more  rapid  growth  of  1.27  aa  cracks  than  for  longer  cracks  at 
equivalent  SIF.  It  Bust  be  concluded  froB  the  present  evidence  that  the  safety  consider¬ 
ations  of  damage  tolerant  deaign  are  unaffected  by  aaall  crack  growth  conditions. 

3.2. b  Durability 

The  OSAF  damage  tolerance  requireBenta  specify  aaall  crack  sizes  which  must  be  assumed  to 
apply  at  every  location  in  the  structure.  The  aaallest  size  so  specified  is  0.003"  (0.127  mm). 
The  purpose  of  this  ainlBum  crack  size  ia  to  provide,  in  the  less  critical  locations,  some 
mlnlauB  life  for  growth  frOB  a  starter  crack  to  a  crack  length  at  which  strength  drops  to 
a  BiniauB  acceptable  level.  Secondly,  in  combination  with  a  growing  crack  which  enters  a 
hole,  the  Binimua  flaw  size  provides  a  convenient  and  realistic  means  for  carrying  crack 
growth  calculation  forward  without  Involving  considerations  of  crack  re- initiation. 

A  crack  length  of  0.127  ma  is  within  the  liaits  in  which  aaall  crack  growth  enhanced  rate 
can  be  escpected.  The  effects  cannot  be  readily  anticipated  from  the  present  evidence.  It 
does  appear  that  LEFM  would  over  estimate  the  crack  growth  life,  possibly  by  a  substantial 
amount.  Without  further  investigation  which  defines  Bore  exactly  the  limits  of  aaall 
crack  effects  and  the  change  in  rate  with  various  conditions,  an  attempt  to  quantify  lives 
would  be  speculative. 

There  are  two  factors  which  reduce  the  seriousness  of  the  deficiency  in  calculation  of 
crack  growth  lives  froa  sBsll  cracks  of  0.127  aa.  The  first  of  these  is  the  way  in  which 
the  starter  crack  size  has  been  derived.  At  least  part  of  the  Justification  for  choice  of 
starter  crack  has  been  baaed  upon  read  back  of  crack  growth  froa  crack  surfaces  found  in 
fatigue  test  structures  and  Service  aeroplanes.  The  degree  to  idiich  this  has  been 
saalgsaated  with  other  data  is  not  clear  to  those  outside  of  the  council  tasked  with 
foraulating  the  requireBenta.  If  such  read-back  data  has  doBlnated  the  derivation  of  the 
0.127  BB  starter  crack  size,  then  because  the  data  available  at  the  tiae  the  requireaents 
were  foraaliaed  ware  all  long  crack  data  applied  to  LSm  it  Bust  apply  that  aaall  crack 
effects  have  been  Inadvertently  taken  into  account  in  the  durability  requireBenta.  It 
would  appear  therefore  that  provided  the  aaaa  techniques  are  used  in  crack  propagation 
calculations  and  also  provided  no  great  changes  are  Bade  (by  iaplication)  in  load  spectruB, 
future  ealctaations  baaed  on  UIM  will  result  in  life  predictions  which  cause  no  greater 
risk  to  the  structure  or  difficulty  in  repair  than  inteadsd  by  the  specification.  This 
is  not  to  aay  that  such  calculations  are  correct,  but  that  the  initial  crack  length  has 
bean  "corrected"  to  produce  the  life  which  corresponds  to  the  specification  intentions. 

If  this  soaewhat  speculative  interpretation  of  the  specification  derivation  and 
application  is  correct  then  aaall  crack  effects  can  be  ipiored  until  such  tiae  as 
propagation  calculation  techniques  account  for  aaall  crack  effects,  at  which  stage  the 
MIL  Spec  83444  aay  need  to  be  changed! 

The  second  factor  of  laportance  is  the  type  of  structure.  Structures  which  are  based  upon 
inspectability  have  considerably  larger  crack  alses  iaposed  after  the  Inspection  has  been 
perfomed.  These  sizes  can  be  expected  to  doainate  all  pest-inspection  crack  propagation 
calculations.  The  aaall  crack  ceasiderationa  would  then  be  of  concern  only  during  the 
first  quarter  of  design  life  or  loss.  By  definition  non  inspectable  structures  are  slow 
crack  growth  and  aaall  cradk  behaviour  can  occur  at  any  tiae  throughout  the  life.  However 
the  1.27  SB  safetj^doainaat  cradc  will  usually  control  the  Stress  level  to  the  extent  that 
the  iapertanca  of  aaall  crack  growth  is  dialnished. 

4  THB  INPOraANCB  OF  SMALL  CRACK  CROWn  ODSBIOC  TRX  EBIOR  nOOBS 

In  the  preceding  section  the  laportance  of  the  growth  chaneteristlcs  of  aaall  cracks  in  aircraft 

design  has  been  censiderod.  The  eencluslen  which  aust  be  reached  ia  that  the  current  design 

apecifieatieas  and  eensideratlons  are  such  that  Mali  crack  behaviour  will  not  noraally  be  a  donlnaat 

factor.  Alt  there  are  ether  reasons  for  studying  the  behaviour  of  Mali  cracks. 
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The  work  of  Edwards  ,  Lankford  and  Morris  suggests  the  stress  cycle  dependence,  possible  residual 
stress/strain  effects,  and  the  statistical  nature  of  saall  crack  growth.  The  nost  probable  benefits  of 
future  saall  crack  investigations  are  likely  to  be  in  the  understanding  of  the  physical  behaviour  during 
crack  initiation  and  subsequent  early  growth,  and  through  this  a  better  appreciation  of  the  fatigue 
process.  That  this  topic  as  an  entity  is  iaportant  is  illustrated  not  only  by  the  conferences  and  books 
devoted  to  the  subject  but  far  acre  graphically  by  the  cost  of  research  teaas  and  the  full  scale 
experiments  devoted  to  establishing  fatigue  lives  which  cannot  be  calculated  accurately. 

The  advantages  of  an  improved  understanding  of  fatigue  could  be  of  greatest  benefit  in  development  of 
future  fatigue  resistant  materials.  Such  development  will  be  of  benefit  in  increasing  periods  between 
inspections  and  total  life  potential,  driving  down  the  cost  of  ownership. 

5  RESEARCH  TOPICS 

Future  research  should  be  directed  towards  the  following  topics; 

1  Accurate  modelling  of  observed  effects: 

a.  Extremely  accurate  measurement  of  crack  size  and  front,  combined  with  precise  load 
control. 

b.  Measurement  or  accurate  prediction  of  surface  stresses. 

c.  Accurate  three  dlnenaional  stress  intensity  factor  solutions  which  are  not  constrained 
to  idealised  (and  often  unreal)  crack  front  shapes. 

d.  High  quality  base  line  data  for  long  cracks  obtained  on  the  sane  batch  of  material  as 
the  small  crack  specimens. 

a.  Care  that  time  dependant  affects  (eg  stress  -  relaxation)  do  not  confuse  the  results, 

f.  Experiments  on  a  variety  of  specimens  to  explore  specimen  geometry  effects. 

2  Development  of  an  understanding  of  elastic-plastic  fracture  mechanics,  realising  that  this  work 
la  interactive  with  1  above. 

3  Development  of  statistical  models  to  explain  crack  initiation,  perhaps  extendable  to  crack 
propagation. 

6  CONCLUSIONS 

1  Small  cracks  do  not  greatly  affect  either  inspection  periodicity  or  total  fatigue  life  of 
aircraft  designed  to  current  design  specification  rules. 

2  The  application  of  small  crack  data  is  confined  to  only  a  few  design  conditions. 

3  The  MIL  Spec  83W»  may  well  account  for  small  crack  effects  in  the  way  the  durability  crack 
size  has  been  derived.  A  more  accurate  understanding  of  small  crack  growth  behaviour  applied  to 
propagation  calculations  should  also  be  applied  to  a  revision  of  the  MIL  Spec  derivation,  which 
would  result  in  the  ssme  cycle  count  to  attain  the  long  crack  condition  as  the  present  specification 
would  demand. 

4  Benefits  in  the  understanding  of  the  fatigue  process  are  likely  to  be  developed  from  small 
crack  investigations. 

5  Ikitentlally  large  benefits  in  life  cycle  costs  could  be  derived  from  sn  improved  understanding 
of  fatigue. 

6  Accurate  interpretation  of  small  crack  behaviour  will  depend  upon  a  number  of  advances  in 
experiment  and  analysis.  Such  advances  are  unlikely  to  come  about  without  a  deliberate  attempt  to 
bring  together  the  component  parts  in  a  well  designed  and  properly  progressed  investigation. 

7  Closure 

The  paper  presented  is  a  highly  personal  Interpretation  of  both  the  data  available  and  the 
application  of  data  to  design.  If  the  views  expressed  sre  the  cause  of  discussion  one  of  the  major 
objectives  of  the  paper  will  have  been  achieved.  The  importance  of  small  crack  growth  to  design 
has  often  been  stated  but  usually  has  not  been  justified.  The  paper  has  (hopefully)  demonstrated 
that  small  cracks  are  not  important  in  this  context  given  the  current  design  rules;  consideration 
against  different  revised  design  rules  nsy  result  in  different  eoncluslons. 

Future  research  on  small  crack  growth  can  be  well  Justified  on  the  basis  of  much  wider  benefits 
which  would  flow  from  an  improved  understanding  of  the  fatigue  process.  The  author  offers  the  view 
that  such  a  basis  for  research  is  indeed  stronger  than  unfounded  statements  on  application  to 
current  design. 
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SUMMARY 


Crack  growth  information  has  been  used  in  many  ways  to  quantitatively  evaluate  and 
predict  damage  tolerance  and  slow  crack  growth  life  limits  of  structures.  Recent 
advances  in  the  area  of  crack  growth  at  small  crack  sizes  (less  than  one  millimeter)  has 
enabled  increasingly  quantitative  studies  into  the  specific  mechanisms  that  affect 
initiation  and  growth  at  structural  details.  As  an  example,  through  the  use  of  -small 
crack  data'  the  USAF/General  Dynamics  study  on  "Fastener  Hole  Quality"  was  able  to 
identify  a  manufacturing-related  problem  causing  short  structural  lives,  propose  a 
modification  to  shop  equipment,  and  quickly  and  specifically  evaluate  the  resultant  flaw 
growth  improvement.  This  change  to  shop  equipment  has  been  subsequently  adopted  by 
several  other  major  airframe  manufacturers. 

The  purpose  of  this  paper  is  to  describe  the  general  procedures  used  in  the  deriva¬ 
tion  of  small  crack  data  and  to  present  growth  data  for  different  structural  manufac¬ 
turing  methods.  The  data  will  be  presented  in  terms  of  equivalent  initial  flaw  size 
populations,  crack  growth  rate,  and  initiation  life  to  a  specific  length  for  fracto- 
graphically  measured  cracks  within  the  range  of  .01  to  1  millimeter  in  length.  Proce¬ 
dures  will  be  discussed  to  utilize  the  small  crack  data  for  developing  and  verifying 
changes  in  fastener  systems  and  manufacturing  methods  for  improving  the  fatigue 
performance  of  aircraft  structures. 


1.  INTRODUCTION 


A  major  application  of  fracture  mechanics  is  in  the  design  and  verification  of  a 
structure's  safe  life  assuming  pre-existing  flaws  at  highly  stressed  locations.  In 
fact,  pre-existing  flaw  sizes  are  mandated  in  some  industries  to  insure  safety  and 
reliability,  and  to  establish  liability.  For  damage  tolerance  purposes,  flaw  sizes  for 
initial  damage  assumptions  are  on  the  order  of  1000  microns  (O-O^  inch).  In  damage 
tolerance,  a  relatively  few  locations  in  a  structure  are  designed  for  a  full  service 
life  with  the  presumption  of  this  size  initial  flaw.  Study  of  the  behavior  of  the 
smaller  crack  sizes  has  not  been  emphasized  but  with  the  maturation  of  the  damage 
tolerance  discipline,  the  subject  of  durability  and  reliability  has  become  of  greater 
significance. 

In  structural  durability  and  reliability,  the  study  of  crack  growth  at  .small  sizes 
(10  to  1000  microns)  is  of  primary  importance  since  this  level  of  cracking  defines  the 
structural  life  prior  to  generalized  cracking  problems  (where  the  number  of  structural 
flaws  is  too  great  for  economical  repair).  In  order  to  define  the  onset  of  generalized 
cracking  it  is  important  to  know  the  crack  growth  behavior  of  the  flaw  geometries  of 
interest  and  a  measure  of  the  initial  flaw  sizes  and  their  statistical  variations. 


For  many  structures,  fastener  holes  serve  as  the  major  location  of  generalized 
cracking.  These  fastener  holes  provide  a  complex  stress  field  that  makes  analysis 
difficult  at  crack  lengths  of  10  to  1000  microns.  Because  of  this  difficulty  and  the 
problems  with  obtaining  crack  growth  at  small  flaws,  there  is  virtually  no  data  on  crack 
growth  in  this  regime. 


A  significant  set  pf  data  on  small  cracks  recently  became  available  from  the  study 
of  initial  quality  in  fastener  holes  by  Noronha,  Henslee,  Gordon,  Wolanskl,  and  Yee 
(ref.l).  The'  data  set  contained  statistically  significant  numbers  of  specimens  with 
detailed  fractographic  crack  length  measurements.  The  crack  length  measurements  gener¬ 
ally  range  upward  from  tan  microns  (O.OOOH  Inches)  relative  to  the  bore  of  a  fastener 
hole.  The  .purpose  of  the  raferanoe  study  mas  to  oharaoterlze  the  quality  of  production 
fastenar  holes  In  terms  of  the  equivalent  initial  flaw  slse.  Fractographic  crack  length 
4ata  and  design  flam  gromth  analysis  mere  eomblne*  te  determine  an  equivalent  Initial 
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reliability  and  definition  of  the  measured  crack  growth  data. 

The  purpose  of  this  specialist's  paper  is  to  present  the  fractographic  crack  growth 
data  obtained  in  reference  1  to  better  define  crack  growth  behavior  in  the  small  crack 
regions  and  to  discuss  its  application  to  the  general  improvement  of  structural  integ¬ 
rity.  While  many  individual  observations  and  uses  can  be  made  with  this  data  in  parallel 
with  the  classical  application  of  fracture  mechanics,  this  will  not  be  accomplished  in 
this  paper.  The  goal  of  this  paper  is  to  discuss  the  larger  aspects  of  the  unique 
definition  (or  resolution)  of  small  crack  data  and  its  application  to  bringing  about 
and  quantifying  significant  improvements  to  the  structural  integrity.  To  accomplish 
this  purpose,  the  fractographic  data  from  a  set  of  specimens  made  with  conventional  hole 
preparation  methods  were  analyzed,  first  to  evaluate  repeatability,  and  then  to  define 
the  actual  behavior  of  flaws  in  the  short  crack  length  regimes.  To  do  this,  the  fracto- 
graphio  crack  length  data  were  plotted  to  define  the  growth  behavior.  Following  this 
comparison,  the  specific  flaw  origins  in  each  specimen  were  identified,  and  means  to 
eliminate  the  initial  damage  were  proposed.  The  success  of  fatigue  tests  from  another 
set  of  specimens  where  the  initial  damage  was  eliminated  was  verified  through  small 
crack  techniques. 

This  specialist's  paper  is  written  as  three  separate  chapters  covering  small  crack 
measurements,  interpretation  of  the  measurements,  and  the  applications  of  small  crack 
data  to  structural  integrity.  The  Rudd,  Vang,  Manning,  and  YeeCref  2)  paper  in  these 
proceedings  is  a  companion  paper  which  will  further  investigate  the  ref  1 .  and  other 
data  using  a  classical  application  of  fracture  mechanics  to  develop  a  durability  based 
design  methodology. 


2.  CHAPTER  1  --  SMALL  CRACK  MEASUREMENT 
2.1  Introduction-Measurements 

The  majority  of  the  reported  studies  of  crack  growth  in  the  small  crack  regime  have 
involved  measurement  of  surface  cracks  by  either  direct  observation  or  replication 
techniques ( refs .  A  to  9 ) .  These  approaches  lead  to  significant  information  relating  to 
crack  growth  in  surface  cracks.  A  more  common  situation  in  structural  applications  is 
the  crack  at  fastener  holes  or  other  structural  stress  concentrations.  These  structural 
crack  geometries  often  preclude  the  use  of  direct  observation  or  periodic  replication 
since  a  fastener  is  normally  placed  in  its  hole  for  the  duration  of  life  testing. 
Complicating  the  problem  is  the  observation  that  many  of  the  hole  fastener  cracks  are 
embedded  within  the  bore  of  the  hole  (ref.  10).  This  characteristic  alone  ensures  that 
surface  crack  measurement  of  the  data  of  interest  (.1  to  1.0  mm)  will  not  be  possible 
since  the  head  of  virtually  any  fastener  will  cover  this  size  crack.  Thus,  only  means 
of  measuring  growth  of  embedded  cracks  are  applicable  in  this  regime.  The  available 
means  are  thus  confined  to  either  NDI/NDE  during  test  or  fraotography  following  test 
completion.  Unfortunately,  NDE/NDI  thresholds  of  detection  are  much  larger  than  the 
size  of  fastener  flaws  of  interest  herein  leaving  only  fraotography  as  a  means  of 
measuring  crack  growth  of  small  cracks  at  fastener  holes. 

The  US  Air  Force  completed  a  study  in  1978  of  equivalent  initial  flaw  sizes  at 
fastener  holes.  This  program  obtained  large  amounts  of  fractographic  data  on  the  growth 
of  naturally  occurring  cracks  in  fastener  holes  for  the  purpose  of  comparing  different 
methods  of  hole  preparation.  The  data  were  obtained  and  documented  (ref.  1,3)  but  not 
specifically  presented  as  small  crack  data  even  though  there  were  over  600  fastener 
cracks  tracked  to  sizes  of  typically  less  than  .05  mm.  Therefore,  this  body  of  informa¬ 
tion  will  be  presented  and  utilized  here  to  demonstrate  the  type  of  data  obtainable  and 
to  describe  the  potential  application  for  the  data. 


2.2  Test  and  Analysis  Procedure 

Figure  1  shows  the  design  of  the  7475-T7651  aluminum  alloy  specimens  used  in  the 
study.  This  specimen  is  similar  to  that  used  in  the  AGARD  Critically  Loaded  Holes 
Program(ref.  11).  The  hole  preparation  equipment  used  was  that  specified  for  high 
quality  production  holes  identified  as  fracture  critical.  None  of  the  fastener  holes 
were  preflawed,  or  otherwise  marked  intentionally,  during  hole  preparation  and  fastener 
installation;  each  was  treated  as  a  production  fastener  hole.  Following  hole  prepara¬ 
tion,  each  hole  was  inspected  and  a  NAS-62014-7  straight  shank,  protruding  head  fastener 
was  installed  and  tightened  to  60  inch-pound  torque  in  accordance  with  factory  specifi¬ 
cations.  The  fasteners  had  a  maximum  diameter  of  0.250  Inches.  The  specimens  were 
fatigue  tested  to  two  lifetimes  (16,000  design  usage  flight  hours)  of  projected  tactical 
fighter  lower  wing  skin  usage.  The  maximum  gross  section  stress  in  the  load  history  was 
34  Ksi  (235  MPa).  Specimens  that  survived  the  16,000  hour  testing  were  broken  apart. 
The  load  spectra  applied  was  a  blocked  flight-by-f light  history  that  was  identically 
repeated  every  400  equivalent  flight  hours.  The  exceedance  curve  Is  shown  in  Figure  2. 

Following  the  completion  of  testing,  the  specimen  failure  surfaces  were  examined 
with  a  low  power  (10-30X)  light  microscope.  In  the  case  of  these  two  piece  specimens, 
each  with  two  fastener  holes,  there  were  a  maximum  of  eight  possible  failure  surfaces  to 
investigate.  That  is,  two  surfaces  at  each  side  of  each  hole  multiplied  by  two  holes  in 
each  plate  and  two  plates.  The  mlcroseoplst  was  Instructed  to  make  observations  of  each 
potential  failure  surface  but  to  fractographloally  follow  and  report  only  the  flaw  that 
grew  to  be  the  largest  for  each  specimen.  As  a  result,  the  data  reported  herein  are 


0.75 


h-h 


E 
E 

I  0.50  h 

O 


UJ 

o 

< 

K 

U 


0.25  \- 


0.00 


XWPF  -22 

36  Data  Points 

Daterminad  Fractographically 


4000  8000  12000 

FLIGHT  HOURS 


16000 


Fig.  3  FRACTOGRAPHIC  CRACK  GROWTH  DATA  FOR  A  TYPICAL  SPECIMEN  (XWPF-22) 
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Fig.  4  FRACTOGRAPHIC  CRACK  GROWTH  DATA  FOR  CONVENTIONAL  QUALITY  SPECIMENS 


no  generaiiy  recognized  stress  intensity  solution  for  crack  lengths  of  this  small  magni¬ 
tude  at  a  fastener  hole.  Again,  the  data  show  a  well  defined  set  of  crack  growth  rate 
measurements  which  indicate  that  the  growth  process  is  continuous  and  repeatable. 

Figure  6  shows  the  mean  and  one  standard  deviation  for  the  crack  growth  rate  data 
plotted  as  a  function  of  crack  length.  The  data  has  a  standard  deviation  which  averages 
32%  of  the  mean  value.  This  variation  in  crack  growth  rate  is  consistent  with  that  of 
the  very  careful  surface  crack  measurements  by  Virkler,  Hillberry,  and  Goel  (ref.  13K 

With  the  consistency  in  crack  growth  rate  shown  here  it  is  possible  to  quantita¬ 
tively  Identify  the  initiation  life  for  these  specimens.  For  instance,  if  the  initia¬ 
tion  crack  sizes  were  assumed  to  be  0.2  mm(0.008  inches)  then  the  initiation  life  from 
the  XWPF  data  (Fig.  4)  would  be  seen  to  vary  from  3000  to  13,000  flight  hours.  This 
initiation  crack  size  is  significantly  smaller  than  any  the  primary  author  has  ever  seen 
published.  While  other  initiation  flaw  sizes  can  be  used  to  determine  a  range  of 
scatter  in  initiation  life,  the  significance  of  this  figure  is  that  specific  tlme-to- 
crack-lnitlatlon  populations  can  be  easily  derived  from  this  data  because  of  the  large 
number  of  measurements  and  the  consistency  of  the  crack  growth  data. 
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Fig.  5  CRACK  GROWTH  RATE  DATA  FOR  CONVENTIONAL  QUALITY  SPECIMENS 
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Fig.  6  MEAN  AND  ONE  STANDARD  DEVIATION  OF  CRACK  GROWTH  RATE 


Many  other  comparisons  can  be  made  which  are  beyond  the  scope  of  this  Chapter.  The 
significance  of  this  data  is  that  information  can  be  obtained  on  structures  provided 
that  the  conditions  are  enhanced  for  f ractographic  examination.  In  the  case  of  the 
tactical  fighter  load  spectrum  used  herein,  the  history  itself  marked  distinctively 
without  changes  to  its  content.  Of  primary  importance  is  the  repeated  nature  of  the 
history  which  provided  a  clear  pattern  to  the  fractographio  mlcroscoplst  allowing  him  to 
track  growth  features  to  within  0.005  mm.  The  quantification  of  this  approach  made  it 
possible  to  directly  compare  small  crack  growth  data  for  different  drilling  techniques 
and  quickly  determine  stress  level  and  spectrum  variation  effeots(ref.  1,  lit,  15,  16, 
and  17). 

As  an  added  benefit,  this  approach  saves  considerable  expense  in  testing  and  pros¬ 
pectively  can  save  analysis  costs  as  well.  With  reliance  on  fractographio  data,  there 
is  no  need  for  periodic  crack  length  monitoring  during  the  test.  Thus,  testing  can  go 
on  unattended  except  for  removal  and  replacement  of  broken  specimens.  After  development 
of  familiarity  with  the  load  spectrum  marking  patterns,  the  mlcroscoplst  can  fully  track 
the  flaw  growth  to  Its  Initiation  In  less  than  one  hour  per  specimen.  As  a  benchmark, 
the  total  cost  of  planning,  manufacturing,  testing,  analyzing,  fractographlcally  back¬ 
tracking,  and  documenting  the  ref.  1  data  was  under  $300.  (US)  per  specimen.  This  value 
Is  extraordinary  considering  that  each  16,000  flight  hour  specimen  was  subjected  to  over 
750,000  cycles  of  load. 
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The  results  of  this  study  indicate  that  consistent  and  significant  crack  growth 
data  can  be  obtained  simply  and  inexpensively  in  the  small  crack  regime.  The  type  of 
fas{.ener  hole  growth  data  obtained  was  possible  by  the  application  of  a  load  spectrum 
that  distinctively  marked  the  front  of  the  surface.  This  allowed  detailed  fractography 
to  be  accomplished  to  crack  sizes  of  less  than  .1  mm  in  length.  With  the  detailed  crack 
growth  data,  it  was  possible  to  determine  crack  growth  rates  and  time  to  crack  initia¬ 
tion,  as  well  as  providing  the  ability  to  estimate  the  significance  of  initiation  versus 
crack  growth  life. 


3.  CHAPTER  2  --  INTERPRETATION *AND  ANALYSIS  OF  SMALL  CRACK  MEASUREMENTS 

3.1  Introduction-Interpretations 

One  feature  often  missing  in  the  fieid  of  structural  integrity  is  quantitative  flaw 
growth  data  significant  to  the  structure.  Structural  analysts  need  data  of  sufficient 
volume  and  accuracy  to  make  definitive  statements  of  the  safety  and  reliability  of  their 
structures.  Currently,  safety  and  durability  criteria  are  designed  into  USAF  structures 
by  utilizing  conservative  initial  flaw  assumptions  (MIL-A-831444 ,  ref.  l8).  As  an 
example,  damage  tolerance  initial  flaw  sizes  of  1.25  mm  are  required  at  fasteners  for 
design.  Initial  flaws  of  0.125  ram  in  size  must  be  assumed  at  every  fastener  hole  for 
the  purpose  of  durability  or  economic  life.  The  military  specification  is  written  such 
that  these  durability  initial  flaw  size  assumptions  can  be  reduced  or  made  less  conser¬ 
vative  if  data  become  available  indicating  that  smaller  sizes  are  appropriate  for  a 
given  structure,  manufacturing  process,  or  configuration. 

Small  crack  data,  if  it  can  be  obtained  copiously  and  inexpensively,  can  serve  to 
define  the  actual  initial  flaw  size  population  of  a  given  structure.  With  the  defini¬ 
tion  of  structural  small  cracks  as  shown  in  Chapter  1,  further  analyses  can  be  accom¬ 
plished  that  will  answer  many  questions  associated  with  materials,  structural  configura¬ 
tion,  manufacturing  technology,  and  their  effect  on  the  durability. 

The  purpose  of  this  chapter  is  to  expand  on  the  interpretations  possible  with  the 
small  crack  data  obtained  in  chapter  1.  To  be  discussed  are  small  crack  populations. 
Initial  flaw  size  representations,  populations  of  flaw  sizes  as  a  function  of  usage  or 
life,  and  time  to  a  given  initial  size  crack. 


3.2  Small  Cracks  and  the  Flaw  Size  Population 

Figure  4  shows  a  large  amount  of  data  on  continuously  growing  cracks.  These  cracks 
were  f raotographioally  traced  back  as  far  as  optically  possible.  The  fraotograph ic  data 
procedure  used  provided  1204  crack  length  measurements  from  the  37  specimens  of  the  XWPF 
test  series.  Given  this  amount  of  data,  it  is  possible  to  construct  cumulative  prob¬ 
ability  distributions  which  represent  the  flaw  size  population  at  any  given  time  in  the 
projected  usage  of  a  structure. 

Figure  7  shows  the  flaw  size  data  of  Fig.  4  plotted  as  a  function  of  cumulative 
probability  at  the  4000,  8000,  12000,  and  16000  flight  hour  intervals.  These  data 
reflect  the  actually  measured  flaw  population  of  these  test  samples  at  different  times 
during  the  life  of  a  structure.  Other  population  representations  are  possible  because 
of  the  quantification  possible  in  the  small  crack  data.  The  mean  as  well  as  plus  and 
minus  one  standard  deviation  in  flaw  growth  behavior  are  plotted  as  a  function  of  flight 
hours  in  fig.  8.  These  data  show  a  flaw  population  that  increases  raonotonically  with  a 
slope  of  approximately  1.5  decades  of  flaw  size  per  each  8000  flight  hours  (one  design 
lifetime)  of  usage.  This  power  law  relation  indicates  that  these  XWPF  flaws  increase  by 
a  factor  of  30  for  each  design  lifetime  of  usage.  This  data  can  have  many  uses  includ¬ 
ing  design  and  extrapolation  to  long  term  reliability.  Rudd,  et .  al.,  present  the 
statistical  aspects  of  small  crack  data  in  a  separate  paper  (Ref.  2)  given  in  this 
document . 


3.3  Small  Cracks  and  the  Initiation  Life 

In  the  last  section,  the  small  crack  data  from  fig.  4  were  examined  to  determine 
the  flaw  size  population  at  a  given  usage  period.  This  was  done  by  making  a  vertical 
slice  through  the  crack  size  data  at  a  given  number  of  flight  hours.  If,  Instead,  a 
horizontal  slice  were  taken  at  a  given  crack  size,  it  would  produce  the  population  of 
the  flight  hours  to  reach  that  crack  size;  a  sort  of  a  time-to-crack-size  or  crack- 
initiation  population.  Figure  9  shows  the  mean  time  to  crack  size  populations  for  the 
XWPF  data  for  the  crack  sizes  of  0.25,  0.5,  1.0  and  2.0mm  length. 

These  data  have  tremendous  potential  for  making  quantitative  comparisons  of  dlff 
ent  structures,  materials,  and  manufacturing  methods  on  the  basis  of  the  amount  of  usage 
necessary  to  grow  a  crack  to  a  given  size.  For  Instance,  it  may  be  of  interest  to 
quantitatively  know  the  latest  time  when  a  structure  may  be  subjected  to  an  inspection 
allowing  a  clean-up  size  drill  to  remove  a  defined  flaw.  In  the  USA,  cleanup  drills  are 
conveniently  available  at  1/64  th  inch  Intervals.  Therefore,  it  may  be  of  Interest  to 
know  when  a  one,  two,  or  three  64  th  oversize  drill  will  be  expected  to  clean  up  any 
crack.  A  one  64  th  Inch  oversize  would  remove  0.006  inch  or  0.2  mm  of  hole  wall  during 
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3.4  Small  Cracks  and  the  Equivalent  Initial  Flaw  Size 

The  data  from  fig.  4  do  not  allow  for  a  direct  determination  of  the  actual  initial 
flaw  size  since  the  fractographlc  data  do  not  extend  to  the  actual  origin.  The  concept 
of  an  equivalent  initial  flaw  size  can  be  utilized  to  extrapolate  from  the  existing  data 
to  the  apparent  flaw  which  would  be  of  the  appropriate  size  to  cause  the  observed 
cracking.  The  Equivalent  Initial  Flaw  Size  (EIFS)  is  a  function  of  both  the  flaw  growth 
analysis  method  and  the  data  obtained.  For  purposes  of  this  paper,  the  EIFS  is  used  as 
a  simple  representation  of  the  quality  of  these  fastened  joints. 

The  data  from  fig.  4  indicate  a  simple  exponential  relationship  between  fastener 
flaw  depth  and  the  usage  (flight  hours)  for  flaw  sizes  larger  than  0.1  mm.  Also,  the 
data  from  fig.  5  indicate  a  simple  power  law  (exponential)  relationship  exists  between 
crack  growth  rate  and  the  crack  length  for  these  specimens.  In  order  to  extrapolate  to 
the  apparent  initial  flaw,  it  is  reasonable  to  extend  the  fig.  4  data  to  the  zero- 
flight-hours  axis  using  a  continuous,  power  law  function.  This  extrapolation  must  be 
Gonsistant  with  the  requirements  of  the  design  analysis  in  order  for  the  EIFS  flaw  to 
accurately  project  to  the  observed  flaw  growth.  In  order  to  assure  this  consistency, 
the  average  growth  rate  data  from  fig.  5  were  combined  with  a  flaw  growth  integration 
methodology  to  determine  an  analytical  "master  curve"  of  crack  growth  from  an  extremely 
small  crack  size.  This  master  curve  was  then  "placed  over"  the  data  of  fig.  4  and  "best 
fit"  using  a  computer  program  to  provide  an  unique  EIFS  for  each  Individual  specimen. 
The  "best  fit"  criterion  was  based  on  the  desire  to  determine  an  EIFS  which  would  most 
accurately  depict  the  flaw  sizes  below  "clean-up"  sizes  (less  than  1  mm);  that  is,  the 
EIFS  approach  was  chosen  to  assure  a  representation  which  would  most  accurately  describe 
the  amount  of  usage  to  equate  to  the  clean-up  crack  size. 

The  resultant  EIFS  population  is  shown  in  fig.  10.  These  data  indicate  that  the  90 
percentile  EIFS  for  the  XWPF  specimens  is  approximately  0.02  mm  (0.0008  inches). 
Obviously,  higher  reliability  percentiles  will  result  in  larger  EIFS  values.  The 
significance  of  this  figure  is  that  it  is  possible  to  quantitatively  represent  the 
apparent  "quality"  of  a  set  of  specimens.  Other,  more  complicated  representations  can 
be  possible  by  varying  the  assumptions  for  the  best-fit  criteria.  As  examples,  Rudd,  et 
al.(ref.  2),  Manning,  et  al .  (ref.  15),  Shinozouka  (ref.  16),  and  Yang  (ref.  17)  have 
labored  to  provide  generic  EIFS  interpretations  of  this  same  data  for  the  purpose  of 
durability  design. 

The  EIFS  values  determined  from  the  XWPF  specimens  are  very  much  smaller  than  those 
specified  in  Mil-A-83444  for  durability  design  considerations.  It  may  be  possible  for  a 
fracture  analyst  to  utilize  these  smaller  demonstrated  initial  flaw  sizes  to  justify  a 
less  conservative  design  while  retaining  safety  and  durability  instead  of  accepting  a 
specified  initial  flaw  size. 
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Pl«.  10  EQUIVALENT  INITIAL  FLAW  SIZE  FOFULATION 


3.5  Small  Cracks  and  the  "Short  Crack  Effect 


A  "short  crack  effect"  has  been  identified  by  Pearson(ref.  5),  and  el  Haddad, 
Smith,  and  TopperCref.  6)  and  discussed  by  Hudak(ref.  7)  and  Ritchie  and  Suresh(ref.  19) 
and  others(see  Compilation  of  short  crack  reports,  ref.  9).  The  short  crack  effect  has 
been  observed  in  some  specimens  as  either  a  faster  than  "normal"  flaw  growth  rate  at 
small  crack  sizes  or  by  an  initially  fast  growth  rate  at  small  crack  sizes  followed  by  a 
transitional  slowdown  and  a  return  to  some  steady-state  condition  at  larger  flaw  sizes. 
Many  mechanisms  have  been  hypothesized  to  explain  this  data  since,  if  it  is  consistently 
present,  this  would  constitute  a  considerable  problem  for  the  fracture  mechanics 
analyst . 

The  data  obtained  for  test  series  XWPF,  as  shown  in  fig.  4  and  5,  indicate  no 
effect  of  short  cracks  in  spite  of  meeting  all  of  the  criteria  discussed  by  RiL.;hie  and 
Suresh(ref.  19).  These  data  exhibit  a  smooth,  continuous,  monotonically  increasing  flaw 
growth  rate  for  all  specimens.  The  reason  that  the  Noronha,  et  al.(ref.  1  and  3)  data 
did  not  show  a  short  crack  effect  is  not  known.  One  possible  difference  between  the 
specimens  with  short  crack  effects  and  those  of  fig.  4  and  5  are  the  means  of  init¬ 
iating  the  cracks;  those  of  Noronha,  et  al.,  were  naturally  occurring  cracks  whereas  the 
specimens  with  the  short  crack  effect  had  been  preflawed.  It  may  be  possible  that  the 
preflaw  procedure  was  responsible  of  the  "short  crack"  effect. 

3.6  Summary-Interpretations 

The*'"  f raotographic  techniques  utilized  produced  an  average  of  thirty-two  (32)  crack 
length  measurements  for  each  specimen.  These  data  on  the  large  number  of  specimens  of 
test  series  XWPF  lead  to  the  generation  of  statistically  significant  data  for  defining 
the  flaw  size  population  at  any  given  usage,  time-to-a-given-craok  size,  and  equivalent 
initial  flaw  sizes. 

This  data  indicates  that  the  flaw  size  is  seen  to  increase  in  accordance  with  a 
power  law  relationship  fully  in  accordance  with  engineering  fracture  mechanics  analyses 
practices.  No  "short  crack  effect"  was  apparent  in  any  of  the  specimens. 

For  these  stress-and-load  spectrum  conditions,  the  flaws  were  seen  to  increase  by  a 
factor  of  30  for  each  design  service  lifetime.  The  equivalent  initial  flaw  size  for  the 
XWPF  test  series  was  shown  to  be  .008mm  (0.00032  inches)  which  is  much  shorter  than  that 
specified  in  the  military  standards  for  durability. 


4.  CHAPTER  3  —  APPLICATIONS  OF  SMALL  CRACK  DATA  TO 
IMPROVING  STRUCTURAL  INTEGRITY 

4.1  Introduction-Improvements  to  Structural  Integrity 

Fracture  Mechanics  has  evolved  over  the  past  30  years  to  a  stage  where  it  is 
primarily  used  to  evaluate  a  structure's  capability  to  withstand  projected  usage.  Since 
a  given  damage  tolerance  flaw  size  must  be  assumed,  the  fracture  analyst  has  become  a 
checking  station  during  design.  In  durability  design,  the  opportunity  exists  for  the 
fracture  analyst  to  provide  an  active  input  to  the  design  process.  The  durability 
design  process  allows  for  a  variation  in  the  Initial  flaw  size  by  demonstration.  This 
provides  the  cognizant  analyst  an  opportunity  to  apply  his  skills  in  observation  to 
define  and  verify  mechanisms  leading  to  poor  structural  performance,  hypothesize  changes 
to  eliminate  these  mechanisms,  and  later  specifically  determine  if  improvements  have  The 
analyst  must  be  able  to  specifically  and  quantitatively  define  the  original  condition 
and  any  resultant  change  in  structural  integrity  in  order  to  be  able  to  play  this  active 
role  in  design  and  manufacturing. 

The  purpose  of  this  chapter  is  to  discuss  the  application  of  data  obtained  in  small 
crack  investigations  to  the  enhancement  of  structural  integrity.  Discussed  are  deter¬ 
mination  and  verification  of  means  to  improve  the  structural  integrity  for  the  structure 
of  interest,  and  extrapolation  to  long  term  life  cycle  costs  and  maintenance  costs. 


4.2  Determination  of  a  Source  of  Early  Life  Failures 

The  data  presented  in  Chapters  1  and  2  serve  to  definitively  and  quantitatively 
describe  the  flaw  growth  behavior  of  the  XWPF  test  series  specimens.  In  order  to 
Improve  on  the  durability  of  a  similar  structure,  we  must  determine  where  there  are 
problems  and  try  to  eliminate  these  deficiencies.  A  review  of  the  data  of  ref.  3  from 
XWPF  specimens  revealed  that  28  of  37  specimens  had  failure  origins  at  the  hole  surfaces 
with  frequent  references  to  scratches  as  the  source.  A  detailed  microscopic  evaluation 
of  these  specimens  revealed  that  the  initiation  sites  were,  in  actuality,  small  axial 
scratches  in  the  bore  of  the  hole.  The  significant  scratches  found  in  the  fastener 
holes  were  of  a  size  on  the  order  of  25  microns  in  depth  making  them  difficult  or 
impossible  to  detect  by  manufacturing  Inspection  or  by  the  unaided  eye.  Because  of  the 
exlstance  of  these  scratches,  the  metal  removal  processes  were  examined  in  detail. 

High  speed  motion  pictures  were  taken  of  the  drill  operation.  These  indicated  that 
the  drill  bit  had  the  tendency  to  stop  rotation  in  the  hole  during  retraction.  The 
drill  equipment  is  a  complicated  air-powered  device.  The  air-powered  rotating  drill  bit 
is  driven  into  the  workpiece  ay  an  integral  air-operated  piston.  During  the  retraction 


cycle,  the  air  supply  is  completely  diverted  from  the  motor,  and  directed  to  the  retrac- 
■  tion  piston.  In  this  case,  it  is  hypothesized  that  friction  between  the  drill  and  the 

hole  was  sufficient  to  stop  the  drill  bit  from  rotating  during  retraction.  Further,  it 
was  hypothesized  that  the  retraction  of  the  stopped  drill  bit  was  responsible  for  'the 
scratches  which  coincided  with  shorter  fatigue  lives. 


4.3  Hypothesis  and  Verification  of  a  Solution 

Since  it  appeared  that  the  damaging  scratches  were  caused  by  the  problem  in  the 
retraction  phase,  positive  steps  were  taken  to  modify  the  drill  motor  such  that  the  bit 
rotated  continuously  during  retraction.  The  air  logic  port  system  of  the  drill  motor 
was  changed  to  insure  that  the  drill  bit  rotated  continuously  during  retraction. 
Secondly,  the  extraction  rate  was  reduced  making  the  bit  turn  many  times  during  the 
retraction  phase.  An  additional  30  specimens  were  manufactured  using  the  drill  equip¬ 
ment  with  this  trial  modification  to  the  retraction  mechanism.  These  specimens  were 
designated  as  series  YWPF  and  are  referred  to  as  "Improved  Drilling"  specimens.  The  30 
YWPF  specimens  were  subjected  to  fatigue  testing  and  analysis  just  as  in  the  XWPF 
series.  The  result  of  these  tests  was  an  improvement  in  the  number  of  initiation 
origins  at  the  hole  surface  as  postulated;  for  the  XWPF  series,  28  of  37  had  started  at 
the  hole  but  only  5  of  30  started  there  for  the  YWPF  series.  The  mean  flaw  size  at 
16,000  flight  hours  was  reduced  marginally  from  3.4  to  3.1  mm  as  a  result  of  these 
modifications . 

The  flaw  growth  data  for  this  test  series  is  shown  in  Figure  11.  The  data  of  fig. 
11  appears  to  be  consistent  with  that  of  fig.  4  except  that  there  are  more  specimens 
with  longer  initiation  lives.  A  comparison  of  crack  growth  rates  for  the  XWPF  and  YWPF 
specimen  sets  is  shown  in  fig.  12.  These  data  indicate  that  the  growth  rates  did  not 
change  significantly,  though  there  was  the  change  in  initiation  site.  The  YWPF  data 
also,  does  not  support  a  "short  crack  effect"  observation.  The  data  indicate  that,  even 
though  the  improved  drilling  has  resulted  in  fewer  flaw  origins  at  the  hole,  the  final 
flaw  size  populations  are  similar  with  little  likely  improvement  in  structural  integ¬ 
rity.  Thus,  with  little  effort  and  in  a  short  span  of  time,  it  has  been  possible  to 
specifically  determine  that  the  failure  initiation  mechanism  can  be  altered  by  a  change 
in  the  drilling  process. 
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Fig.  11  FRACTOQRAPNIC  CRACK  CROWTH  DATA  FOR  IMPROVED  DRILLING  SPECIMENS 
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4.4  Refinement  of  the  Observations 

The  bolt  hole  Initiation  failure  mechanism  had  been  reduced  in  significance  by  the 
changes  to  the  drilling  equipment.  Because  the  new  dominant  failure  mechanism  had 
shifted  to  the  faying  surface,  a  decision  was  made  to  change  the  specimen  manufacture  to 
reduce  faying  surface  contact  In  the  area  of  the  fastener.  This  modification  was 
referred  to  as  "Improved  Drilling  and  Assembly."  A  test  series  designated  as  VWPF  was 
developed  which  consisted  of  36  specimens.  Fastener  holes  for  each  specimen  were  made 
using  the  Improved  Winslow  drill  and,  in  addition,  the  faying  surface  was  spot-faced  to 
approximately  0.005  Inches  In  depth  by  0.5  Inches  In  diameter.  The  theory  behind  the 
spot-facing  procedure  was  that  It  would  alleviate  bearing  forces  and  thereby  reduce  the 
tendency  to  fretting. 
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Fig.  12  COMPARISON  OF  CRACK  GROWTH  RATES  FOR  CONVENTIONAL 
AND  IMPROVED  DRILLING  SPECIMENS 
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Fig.  13  COMPARISON  OF  FINAL  FLAW  SIZES  FOR  CONVENTIONAL 
AND  IMPROVED  DRILLING  AND  ASSEMBLY  SPECIMENS 


M.5  Extrapolation  to  Long  Term  Benefits 

The  improvements  made  to  the  "Improved  Drilling  and  Assembly"  test  series  (VWPF) 
compared  to  the  conventional  drilling  (XWPF)  shows  almost  an  order  of  magnitude  decrease 
in  flaw  size  after  16,000  flight  hours.  In  fig.  8,  it  was  determined  that  approximately 
8000  flight  hours  (or  one  design  lifetime)  was  required  in  these  specimens  to  give  a 
factor  of  thirty  (30)  increase  in  flaw  size.  Extrapolating  from  fig.  8,  it  is  possible 
to  infer  that  the  Improved  Drilling  and  Assembly  specimens  would  reach  similar  flaw 
populations  as  the  XWPF  series  but  at  a  usage  of  approximately  5000  flight  hours.  In 
the  case  of  this  typical  fighter  usage,  it  could  mean  that  after  13,000  flight  hours  the 
Improved  Drilling  and  Assembly  airframe  would  have  a  flaw  population  equivalent  to  an 
8000  flight  hours  vehicle  manufactured  with  Conventional  Quality.  Alternatively,  these 
trends  could  be  viewed  as  saying  that,  for  the  same  usage,  the  flaw  population  would  be 
significantly  reduced.  The  Implications  to  the  reduction  in  cost  of  repair  due  to 
structural  cracking  could  be  enormous.  If  the  trends  in  these  small  oraoks  could  be 
extended  to  actual  aircraft  structures,  significant  money  could  be  saved  through  a 
reduction  In  the  amount  of  repair  necessary  In  a  given  system. 


TABLE  1  --  Effect  of  Manufacturing  Method  Variations  on  Location  of 
Flaw  Origin  and  Flaw  Sizes 


TEST  SERIES 

XWPF 

YVJPF 

VWPF 

Number  of  specimens 

37 

30 

36 

No.  of  initiation  origins 
at  the  hole  surface 

28 

5 

n  /a 

No.  of  initiation  origins 
at  faying  surface  or  corner 

9 

25 

n  /a 

No.  of  specimens  falling 
before  16,000  flight  hours 

5 

2 

0 

50  Percentile  flaw  size 
at  16,000  flight  hours 

3.4  mm 

3.1  mm 

0.46  mm 

No.  of  flaws  exceeding 

2  mm  in  length  at 

16,000  flight  hours 

33 

21 

1 

U.6  Summary-Improvements  to  Structural  Integrity 

Small  crack  technology  has  been  utilized  to  determine  the  specific  flaw  growth 
behavior  of  conventionally  manufactured  and  assembled  fastened  structures.  The  informa¬ 
tion  has  been  used  to  define  procedures  which  could  result  in  Improvements  to  structural 
integrity  of  these  coupons.  Subsequent  fatigue  tests  and  small  crack  evaluation  tech¬ 
niques  Indicated  that  the  Improved  Drilling  and  Assembly  approach  resulted  in  almost  an 
order  of  magnitude  reduction  in  the  flaw  population  at  equivalent  usage. 

The  relative  ease  of  defining  the  improvements  is  indicative  of  the  power  of  the 
fractographio  technology  in  providing  quantitative  information  even  in  the  most 
challenging  small  crack  regime. 


5.0  CONCLUSIONS 


1.  Small  crack  technology  provides  a  uniquely  definitive  mechanism  for  determining  the 
durability  of  actual  structures.  Only  small  crack  technology  can  provide  the  crack 
propagation  data  necessary  to  define  durability  and  structural  integrity  at  structurally 
significant  geometric  details  in  the  flaw  size  range  of  less  than  1mm. 

2.  The  crack  growth  rates  for  naturally  occurring  small  flaws  from  fastener  holes  are 
exponentially  related  to  the  crack  length. 

3.  No  evidence  was  found  to  support  a  "short  crack  effect"  for  these  naturally 
occurring  cracks  at  fastener  holes. 

.  Small  crack  growth  behavior  as  measured  by  fractography  has  a  variation  in  crack 
growth  rate  that  is  consistent  with  that  of  conventional  measurement  techniques  for  much 
larger  size  flaws. 

5.  Details  of  the  drill  bit  retraction  process  and  interface  surface  preparation 
following  hole  manufacture  appear  to  be  responsible  for  variations  in  fatigue  life; 
increased  fatigue  life  was  obtained  when  taking  positive  measures  to  assure  continuous 
rotation  during  retraction  and  to  reduce  interfacial  contact  stresses  at  holes. 
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^^>UMMARY 


-Using  linear-elastic  and  nonlinear  fracture  mechanics,  many  investigators  have  tried 
■  to  explain  the  growth  of  small  cracks  in  plates  and  at  notches .  These  studies  have  con¬ 
centrated  on  the  growth  of  small  cracks  ranging  in  length  from  10"2  to  1  mm.  On  the 
'basis  of  linear-elastic  fracture  mechanics,  the  small  cracks  grew  much  faster  than  would 
be  predicted  from  large  crack  data.  Nonlinear  fracture  mechanics,  in  particular  the 
IJ-integral  concept,  and  an  empirical  length  parameter  have  been  used  to  correlate  small 
[and  large  crack-growth  rate  data.  Tha  physical  interpretation  of  the  length  parameter, 
however,  is  unclear. 


Recently,  some  investigators  have  suggested  that  crack  closure  may  be  a  major  factor 
in  causing  differences  between  growth  of  small  and  large  cracks.  The  purpose  of  the 
present  paper  is  to  use  an  analytical  model  of  crack  closure  to  study  the  crack  growth 
and  closure  behavior  of  small  cracks  in  plates  and  at  notches.  The  calculated  crack¬ 
opening  stresses  for  small  and  large  cracks,  together  with  elastic  and  elastic-plastic 
fracture  mechanics  analyses,  are  used  to  correlate  crack-growth  rate  data.  At  equiva¬ 
lent  elastic  stress- intensity  factor  levels,  calculations  predict  that  small  cracks  in 
plates  and  at  notches  should  grow  faster  than  large  cracks  because  the  applied  stress 
needed  to  open  a  small  crack  is  less  than  that  needed  to  open  a  large  crack.  These  pre¬ 
dictions  agree  with  observed  trends  in  test  data.  The  calculations  from  the  model  also 
imply  that  many  of  the  stress-intensity  factor  thresholds  that  have  been  developed  in 
tests  with  large  cracks  and  with  load-reduction  schemes  do  not  apply  to  the  growth  of 
small  cracks. 


The  current  calculations  are  based  upon  continuum  mechanics  principles  and,  thus, 
some  crack  size  and  grain  structure  exist  where  the  underlying  fracture  mechanics  assump¬ 
tions  become  invalid  because  of  material  Inhomogeneity  (grains,  inclusions,  etc.). 
Admittedly,  much  more  effort  is  needed  to  develop  the  mechanics  of  a  noncontinuum.  Never¬ 
theless,  these  results  indicate  the  importance  of  crack  closure  in  predicting  the  growth 
of  small  cracks  from  large  crack  data. 


NOMENCLATURE 

Aj^  coefficients  in  stress-intensity  factor  equation  (k  =  1,2) 

b  location  of  concentrated  force,  m 

b|^  dimensions  for  partially-loaded  crack  (k  =  1,2),  m 

c  half  length  of  crack,  m 

c^  half  length  of  initial  crack  in  load-reduction  scheme,  m 

c^  half  length  of  crack-starter  notch,  m 

d  half  length  of  crack  plus  tensile  plastic  zone,  m 

E  Young's  modulus  of  elasticity,  MPa 

F  boundary-correction  factor  on  stress-intensity  factor 

1/2 

K  stress-intensity  factor,  MPa-m 

N  number  of  cycles 

n  number  of  bar  elements  in  crack-closure  model 

p  applied  load,  N 

p^  applied  load  at  initiation  of  load-reduction  scheme,  N 

P _  maximum  applied  load,  N 

p^  crack-opening  load,  M 

R  stress  ratio 

r  radius  of  circular  hole,  m 

S  applied  stress,  MPa 


-2 


crack-closure  stress,  MPa 
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INTRODUCTION 

Most  experimental  and  analytical  studies  on  fatigue-crack  growth  have  been  conducted 
on  "large"  cracks  with  lengths  in  excess  of  2  mm.  However,  in  many  engineering  struc¬ 
tures,  crack  growth  from  "small"  pre-existing  flaws  is  a  major  portion  of  the  component |s 
fatigue  life.  Numerous  investigators  (1-11)  have  observed  that  the  growth  characteristics 
of  small  fatigue  cracks  in  plates  and  at  notches  differ  from  those  of  large  cracks  in  the 
same  material.  These  studies  have  concentrated  on  the  growth  of  small  cracks  ranging  in 
length  from  10"2  to  1  mm.  On  the  basis  of  linear-elastic  fracture  mechanics  (LEra) ,  the 
small  cracks  grew  much  faster  than  would  be  predicted  from  large  crack  data.  This  behav¬ 
ior  is  illustrated  in  Figure  1,  where  the  crack-growth  rate  is  plotted  against  the 
linear-elastic  stress-intensity  factor  range,  AK.  The  solid  (sigmoidal)  curve  shows  a 
typical  result  for  a  given  material  and  environment  under  constant-amplitude  loading. 

The  solid  curve  is  usually  obtained  from  tests  with  large  cracks.  At  low  growth  rates, 
the  threshold  stress-intensity  factor  range,  AKth»  usually  obtained  from  load- 
reduction  (K-decr easing)  tests.  Some  typical  experimental  results  for  small  cracks  in 
plates  and  at  notches  are  shown  by  the  dashed  curves.  These  results  show  that  small 
cracks  grow  faster  than  large  cracks  at  the  same  AK  level  and  that  they  also  grow  at 
AK  levels  below  threshold. 

Using  nonlinear  fracture  mechanics,  some  Investigators  have  tried  to  explain  the 
growth  of  small  cracks  in  plates  and  at  notches.  In  particular,  the  J-integral  concept 
and  an  empirical  length  parameter  (3,4)  have  been  used  to  correlate  small-crack  and 
large-crack  growth  rate  data.  The  physical  interpretation  of  the  length  par^ter,  how¬ 
ever,  is  unclear.  More  recently,  several  investigators  (5-11)  have  suggested  that  crack 
closure  (12,13)  may  be  a  major  factor  in  oausing  the  differences  between  the  growth  of 
small  and  large  cracks. 


Many  of  the  comparisons  between  growth  rates  for  small  and  large  cracks  have  been 
made  in  the  low  crack-growth  rate  region  associated  with  threshold  (AK^j,)  for  large 
cracks.  Measurement  of  AK^l^,  using  load-reduction  schemes  [14-17]  ,  establishes  a  regime 
of  crack  sizes  and  applied  stress  levels  where  crack  growth  would  not  occur.  But  small 
cracks  and  cracks  from  pre-existing  flaws  have  been  observed  to  grow  [1-3,10]  at  stress- 
intensity  factor  levels  below  AK^h'  shown  in  Figure  1.  Here  again,  several  investiga¬ 
tors  [18-20]  have  experimentally  shown  that  crack  closure  is  causing  the  stress-intensity 
factor  threshold  under  load-reduction  schemes.  On  the  basis  of  these  results,  an  impor¬ 
tant  question  concerning  the  growth  of  large  cracks  at  extremely  low  stress  levels  arises . 
Is  the  AK-rate  relationship  for  large  cracks  under  constant-amplitude  loading  given  by 
the  dash-dot  curve  in  Figure  1?  Admittedly,  a  threshold  could  exist  for  large  cracks  due 
to  material  inhomogeneities  and  environmental  factors,  such  as  oxide  or  corrosion  products 
on  the  crack  surfaces  [21,22].  But  these  thresholds  must  be  obtained  In  tests  without  any 
load-interaction  effects. 
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To  adequately  resolve  the  differences  between  the  growth  of  small  and  large  cracks, 
crack-closure  effects  must  be  considered.  This  paper  is  concerned  with  the  analytical 
treatment  of  crack  closure.  A  simple  strip-yield  model  of  crack  closure  was  developed  in 
Reference  23,  but  a  more  useful  model  was  developed  in  References  24  and  25.  There  have 
also  been  several  other  attempts  to  develop  simple  analytical  models  of  crack  closure, 
but  a  review  here  is  beyond  the  scope  of  the  present  paper  (see  Ref.  25) . 

The  purpose  of  the  present  paper  is  to  use  an  analytical  closure  model  [25]  to  study 
the  crack  growth  and  closure  behavior  of  small  cracks  in  plates  and  at  holes,  and  to  study 
the  closure  behavior  of  large  cracks  under  load-reduction  schemes  used  in  threshold  test¬ 
ing.  The  model  used  here  simulates  the  influence  of  plane-stress  and  plane-strain  condi¬ 
tions  on  yielding  at  the  crack  tip.  The  model  is  based  on  the  Dugdale  model  [26]  ,  but 
modified  to  leave  plastically  deformed  material  along  the  crack  surfaces  as  the  crack 
grows.  Two  configurations  are  analyzed:  (1)  a  center-crack  tension  specimen  and  (2)  two 
symmetric  cracks  emanating  from  a  circular  hole.  A  surface-crack  configuration  is  also 
considered,  but  it  is  analyzed  as  a  center-crack  specimen  with  a  modified  stress-intensity 
factor  solution.  The  crack-opening  stresses  for  these  configurations  are  calculated  as  a 
function  of  crack  length  for  constant-amplitude  loading  and  for  the  load-reduction  schemes 
used  for  threshold  testing.  An  improved  method  of  calculating  crack-opening  stresses, 
using  crack-surface  displacements,  is  also  presented.  The  calculated  crack-opening 
stresses  are  compared  with  experimental  measurements  made  under  a  load-reduction  scheme. 

Because  specimens  with  small  cracks  are  usually  subjected  to  high  stress  levels, 
Elber's  effective  stress-intensity  factor  range  [13]  is  modified  herein  for  plasticity. 
Crack-growth  rates  under  constant-amplitude  loading  are  correlated  with  the  plastic-zone 
corrected  effective  stress-intensity  factor_range,  AKgff,  over  a  wide  range  of  stress 
ratios.  Using  the  crack-growth  rate  and  AK^ff  correlations  for  large  cracks  in  several 
materials,  predicted  growth  rates  for  small  cracks  in  plates  and  at  circular  holes  are 
compared  with  experimental  rates. 


FATIGUE  CRACK-CLOSURE  ANALYSIS 

The  following  sections  include  a  brief  description  of  the  analytical  crack-closure 
model  [25]  and  of  the  assun^tlons  made  in  the  application  of  the  model  to  the  growth  of 
small  cracks.  These  sections  also  include  a  description  of  the  plastic-zone  corrected 
effective  stress-intensity  factor  range  and  its  correlation  with  crack-growth  rates. 


Analytical  Crack-Closure  Model 

To  calculate  crack-closure  and  crack-opening  stress  during  fatigue  crack  growth,  the 
elastic-plastic  solution  for  stresses  and  displacements  in  a  cracked  body  must  be  known. 
Because  there  are  no  closed-form  solutions  to  elastic-plastic  cracked  bodies,  simple 
approximations  must  be  used  when  finite-element  solutions  [23]  are  Inappropriate.  The 
Dugdale  model  [26]  is  one  such  approximation.  The  crack-surface  displacements,  which  are 
used  to  calculate  contact  (or  closure)  stresses  under  cyclic  loading,  are  Influenced  by 
plastic  yielding  at  the  crack  tip  and  residual  deformations  left  in  the  wake  of  the  grow¬ 
ing  crack.  The  applied  stress  level  at  which  the  crack  surfaces  become  fully  open  (no 
surface  contact)  is  directly  related  to  contact  stresses. 

The  analytical  closure  model  developed  in  Reference  25  is  for  a  central  crack  in  a 
finite-width  specimen  subjected  t'o  uniform  applied  stress  (Fig.  2(a)).  This  model  is 
extended  herein  to  cracks  emanating  from  a  circular  hole  in  a  finite-width  specimen  sub¬ 
jected  to  uniform  applied  stress  (Fig.  2(b)).  The  model  is  based  on  the  Dugdale  model, 
but  modified  to  leave  plastically  deformed  material  in  the  wake  of  the  crack.  The  primary 
advantage  in  using  this  model  is  that  the  plastic-zone  size  and  crack-surface  displace¬ 
ments  are  obtained  by  superposition  of  two  elastic  problems— a  crack  in  a  plate  subjected 
to  a  resnte  uniform  stress,  S,  or  to  a  uniform  stress,  a,  applied  over  a  segment  of  the 
crack  stir  face.  The  stress-intensity  factor  and  crack-surface  displacement  equations  for 
these  loading  conditions  on  a  plate  with  a  central  crack  are  given  in  Reference  25.  The 
corresponding  equations  for  cracks  emanating  from  a  circular  hole  are  given  in  Appendix  A. 

Figure  3  shows  a  sehesiatlo  of  the  swdel  at  maxlsnim  and  minissa*  ai^lied  stress.  The 
model  is  oosvosed  of  three  regional  (1)  a  linear-elastic  region  containing  a  circular 
hole  with  a  fictitious  crack  of  half-length  c  'f  p,  (2)  a  plastic  region  of  length  p. 


and  (3)  a  residual  plastic  deformation  region  along  the  crack  surface.  The  physical 
crack  is  of  length  c  -  r,  where  r  Is  the  radius  of  the  circular  hole.  The  compressive 
plastic  zone  is  u.  Region  1  is  treated  as  an  elastic  continuum;  the  crack-surface  dis¬ 
placements  under  various  loading  conditions  are  given  in  Reference  25  for  a  central  crack 
and  in  Appendix  A  for  cracks  emanating  from  a  hole.  Regions  2  and  3  are  composed  of 
rigid-perfectly  plastic  (constant  stress)  bar  elements  with  a  flow  stress,  o-.  The  flow 
stress  is  taken  as  the  ultimate  tensile  strength  (Oq)  herein  because  some  tests  were  con¬ 
ducted  at  very  high  applied  stress  levels.  (If  a  nonlinear  stress-strain  curve  had  been 
incorporated  into  the  model  [27]  ,  the  need  for  an  assumed  flow  stress  would  have  been 
eliminated.)  The  shaded  regions  in  Figures  3(a)  and  3(b)  indicate  material  that  is  in  a 
plastic  state.  At  any  applied  stress  level,  the  bar  elements  are  either  intact  (in  the 
plastic  zone)  or  broken  (residual  plastic  deformation) .  The  broken  elements  carry  com¬ 
pressive  loads  only,  and  then  only  if  they  are  in  contact.  The  elements  yield  in  compres¬ 
sion  when  the  contact  stress  reaches  -Oq.  Those  elements  that  are  not  in  contact  do  not 
affect  the  calculation  of  crack-surface  displacements.  To  account  for  the  effects  of 
state  of  stress  on  plastic-zone  size,  a  constraint  factor  a  was  used  to  elevate  the 
tensile  flow  stress  for  the  intact  elements  in  the  plastic  zone.  The  effective  flow 
stress  oloq  under  simulated  plane-stress  conditions  was  Cq  and  under  simulated  plane- 
strain  conditions  was  3a-.  The  constraint  factor  is  a  lower  bound  for  plane  stress  and 
an  approximate  upper  bound  for  plane  strain  [25] .  The  constraint  factor  was  assumed  to 
be  1,  1.73  (Irwin's  plane-strain  constraint  [28]),  or  3,  depending  upon  the  test  condi¬ 
tions.  Plane-stress  conditions  were  assumed  for  high  applied  stress  levels  and  for  crack- 
growth  rates  higher  than  the  rate  at  transition  (flat  to  slant  crack  growth)  [29]  because 
the  plastic-zone  size  would  be  of  the  order  of  the  plate  thickness.  Plane-strain  condi¬ 
tions  were  assumed  for  crack-growth  rates  lower  than  the  rate  at  transition  because  the 
plastic-zone  size  would  be  small  compared  to  plate  thickness.  Vfhere  the  constraint  condi¬ 
tions  were  unknown,  such  as  a  small  surface  crack,  plane-stress  and  plane-strain  condi¬ 
tions  were  both  tried. 

The  analytical  closure  model  was  used  to  calculate  crack-opening  stresses  as  a  func¬ 
tion  of  crack  length  and  load  history.  The  applied  stress  level  at  which  the  crack  sur¬ 
faces  are  fully  open  is  denoted  as  Sq,  the  crack-opening  stress.  These  stresses  have 
been  calculated  by  two  methods.  One  method  was  based  on  the  stress-intensity  factor  due 
to  contact  stresses  at  the  minimum  applied  stress;  the  other  was  based  on  crack-surface 
displacements.  Under  constant-amplitude  loading,  the  crack  closes  first  and  opens  last 
at  the  crack  tip,  so  the  stress-intensity  factor  method  was  used  to  calculate  Sq  [24,25]. 
However,  under  some  variable-amplitude  loading  conditions  and  the  load-reduction  scliemes 
used  for  threshold  testing,  the  crack  closes  first  and  opens  last  away  from  the  tip. 

Under  these  conditions,  the  stress-intensity  factor  method  was  inadequate.  The  crack- 
surface  displacement  method  was  more  accurate  in  calculating  the  applied  stress  level  at 
which  the  crack  surfaces  open  completely  under  general  cyclic  loading.  In  this  paper,  the 
displacement  method  was  used  to  calculate  and  is  presented  in  Appendix  B. 

The  closure  model  was  only  used  to  calculate  crack-opening  stresses.  In  turn,  the 
crack-opening  stress  was  used  to  calculate  the  plastic-zone  corrected  effective  stress- 
intensity  factor  range  and  then  the  crack -growth  rate. 


Plastic-Zone  Corrected  Effective  Stress-Intensity  Factor  Range 

Elber's  effective  stress-intensity  factor  range  [13]  is  based  on  linear-elastic 
stress-intensity  factors.  For  small  cracks  and  high  stress  levels,  the  plastic-zone  sizes 
are  no  longer  small  compared  to  crack  size,  and  linear-elastic  analyses  are  inadequate. 

To  correct  the  analyses  for  plasticity,  the  Dugdale  plastic-zone  length  (p)  is  added  to 
crack  length  (c) ,  like  Irwin's  plastic-zone  correction  [28].  Thus,  the  plastic-zone  cor¬ 
rected  stress-intensity  factor  range  is 

'  (Smax  -  ®min)  Kl'  t) 


where  d  >  c  t  p  and  p  is  calculated  at  the  maximum  applied  stress,  using  the 

equations  given  in  Appendix  C.  The  boundary-correction  factor  F  accounts  for  the  influ¬ 
ence  of  hole  radius  and  specimen  width,  and  is  given  by  the  product  of  the  functions  F^ 
and  F§.  These  functions  are  given  in  Appendix  A,  by  Eqs.  (6)  and  (22),  respectively. 
(This  parameter,  AK,  is  similar  to  Barenblatt's  cohesive  modulus  [30]  under  cyclic 
loading. ) 

The  plastic-zone  corrected  effective  stress-intensity  factor  range  was  obtained  from 
Eq.  (1)  by  replacing  by  Sq,  like  Elber's  modification,  and  is  given  by 
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Fatigue  Crack  Growth  Rates 

Instead  of  using  an  equation  to  relate  the  crack-growth  rates  to  a  table- 

lookup  procedure  was  used  in  this  paper.  The  primary  advantage  in  using  a  table  is  that 
the  baseline  crack-growth  rate  data  can  be  described  more  accurately  than  with  a 


multi-parameter  equation,  especially  in  the  transitional  region  (flat  to  slant  crack  r 
growth).  To  illustrate  the  construction  and  use  of  the  table,  an  exaui^le  is  shown.  '  3" 

Center-crack  tension  (CCT)  specimens  (w  =  80  mm)  were  used  to  obtain  crack-growth 
rate  data  on  2024-T3  Alclad  aluminum  alloy  sheet  (t  =  2  mm)  material  [5] .  The  tensile 
strength  (0^)  and  the  assumed  flow  stress  (Oq)  material  were  475  MPa.  The  maximum 

applied  stress  level  77.5  MPa  at  an  R  ratio  of  0.01.  A  plot  of  log  dc/dN 

against  log  AK  was  constructed.  The  AK  values  at  selected  crack-growth  rates  are 
listed  in  the  following  table: 
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The  rates  were  selected  so  that  straight  lines  between  each  adjacent  data  point  would 
describe  the  AK-rate  data  using  a  visual  fit. 

Next,  the  plastic-zone  corrected  stress-intensity  factor,  AK,  was  computed  from 
Eq.  (1)  with  the  plastic-zone  size  given  by  Eq.  (31).  The  constraint  factor  (a)  was 
assumed  to  be  unity  because  moat  of  the  data  had  rates  higher  than  the  rate  at  transition 
(about  3  X  10"5  mm/cycle) .  For  small  AK  levels,  AK  is  given  approximately  by 
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A  closure  analysis  was  then  conducted  on  a  CCT  specimen  subjected  to  a  maximum 
applied  stress  (Smax)  of  77.5  MPa  with  an  R  ratio  of  0.01.  The  initial  crack  length 
was  1.5  mm.  Crack-opening  stresses  were  calculated  as  a  function  of  crack  length  from 
the  model.  The  crack-opening  stress  for  each  value  of  AK  is  listed  in  the  table. 

Values  of  AKgff  were  computed  from  Eq.  (2).  The  table  of  dc/dN  against  A^ff  forms 
the  crack-growth  rate  data  used  in  all  predictions  made  on  this  material  and  thickness. 
The  crack-growth  rates  at  intermediate  values  of  AK^ff  were  obtained  by  assuming  a 

power-law  equation,  C^  AK^ff,  between  the  two  adjacent  data  points.  For  AKgjf  values 
outside  of  the  table,  the  power-law  equation  between  the  two  closest  data  points  was 
extrapolated. 


APPLICATION  OF  THE  CRACK-CLOSURE  ANALYSIS 

The  analytical  closure  model  is  used  to  calculate  crack-opening  stresses  under 
constant-eunplltude  loading  and  under  the  load-reduction  schemes  used  for  threshold  test¬ 
ing.  Some  comparisons  are  made  between  calculated  and  experimental  crack -opening 
stresses  for  these  loading  conditions  on  a  steel  and  an  aluminum  alloy. 

Crack-growth  rates  under  constant-eunplitude  loading  for  large  cracks  (c  >  2  mm)  in  a 
steel,  an  aluminum  alloy,  and  a  cast  (nickel-aluminum-bronze)  alloy  are  correlated  with 
the  plastic-zone  corrected  effective  stress-intensity  factor  range.  Using  these  correla¬ 
tions,  the  growth  rates  for  small  cracks  in  plates  or  at  circular  holes  are  predicted  and 
compared  with  experimental  growth  rates. 


Constant-Amplitude  Loading 

To  show  how  the  crack-opening  stress  influences  the  local  crack-tip  displacements 
under  constant-anq^litude  loading,  and  consequently  the  crack-tip  damage  or  crack  growth, 
the  applied  stress  (S)  is  plotted  against  the  displacement  (Vc)  of  the  crack-tip  element 
in  Figure  4.  The  maximum  applied  stress  was  O.aog  and  the  specimen  was  cycled  at  an 
R  ratio  of  zero.  Recalling  that  the  elements  in  the  plastic  sons  are  rigid-perfectly 
plastic,  no  change  in  displacesMnt  occurs  until  the  element  yields.  Hie  calculated 
crack-opening  stress  from  the  displaeement  method  (Appendix  B)  is  shown  as  the  solid 
symbol  on  the  loading  branch.  These  results  demnstrate  the  significance  of  crack  clo¬ 
sure,  in  that  all  cyclic  loads  below  Sn  would  cause  no  plastic  deformation  at  the  crack 
tip  and,  presumably,  no  crack  growth.  These  results  also  show  that  the  crack  opens 
before  the  crack-tip  element  yields.  This  was  caused  by  the  finite  stress  concentration 


in  the  model  (elastic  stress  concentration  was  about  30) .  If  the  model  had  had  an 
(p  Infinite  stress  concentration,  li)ce  an  ideal  crack,  then  the  element  would  have  yielded 
when  the  crack  tip  opened.  Likewise,  compressive  yielding  occurred  only  after  some 
unloading.  The  crack-closure  stress  (S^)  is  shown  as  the  solid  symbol  on  the  unloading 
branch.  S^.  is  the  stress  level  at  which  the  first  crack-surface  element  at  the  crack 
tip  closes.  In  this  example,  the  crack  was  not  allowed  to  grow  during  the  leading 
branch.  If  the  crack  had  been  allowed  to  grow,  then  closure  would  have  occurred  over  the 
newly  created  crack  surface  after  a  smaller  £unount  of  unloading. 

The  closure  model  was  exercised  under  simulated  plane-stress  and  plane-strain  condi¬ 
tions  for  constant-amplitude  loading.  The  calculated  So  values  for  the  CCT  specimen 
remained  nearly  constant  over  a  very  wide  range  of  crack  lengths  [25]  .  This  constant 
value  is  called  the  "stabilized"  crack-opening  stress.  The  stabilized  crack-opening 
stresses,  normalized  by  plotted  against  stress  ratio  for  various  stress  levels 

in  Figure  5.  The  calculations  were  made  on  CCT  specimens  made  of  an  aluminum  alloy,  but 
the  results  also  apply  for  steels  and  titanium  alloys  when  the  material  behavior  is 
elastic-perfectly  plastic.  At  any  R  ratio,  the  So/Smax  values  are  lower  for  higher 
values  of  a  and  for  higher  values  of  stress  level  (Smax/^o)-  The  influence  of  stress 
level  was  more  pronounced  under  plane— stress  conditions  (solid  curves)  than  under  plane- 
strain  conditions  (dashed  curves). 


Threshold  Testing 

Because  many  of  the  comparisons  between  the  growth  of  small  and  large  cracks  have 
been  made  in  the  crack-growth  rate  region  associated  with  thresholds  for  large  cracks ,  it 
is  important  to  know  whether  the  threshold  is  a  material  behavior  or  is  caused  by  the 
load-reduction  scheme.  Some  load-reduction  schemes  used  to  obtain  AK^h  shown  in 

Figure  6.  The  ratio  of  current  load  (or  cli?.s3)  to  the  initial  load  (or  stress)  is 
plotted  against  crack  length.  The  crac)c  length  at  initiation  of  the  load-reduction  scheme 
was  20  mm  in  a  CCT  specimen  (w  =  100  mm) .  The  solid  jurve  from  Buccl  [17]  (proposed  ASTM 
test  method)  is  based  on  a  constant  rate  of  change  in  normalized  plastic-zone  size  with 
crack  extension  and  is  independent  of  the  R  ratio.  The  normalized  K-gradient, 

(dK/dc)/K,  was  -0.08  mm”^,  as  recommended.  The  dashed  curves  siiow  the  load-reduction 
scheme  proposed  by  Ohta  et  al.  [19]  for  R  =  0  and  0.8.  Their  scheme  is  based  on  a  con¬ 
stant  AK-gradient,  d(AK)/do.  The  AK-gradient  ranged  from  -20  to  -100  MPa/mmi/2.  The 
smallest  AK-gradient  was  used  in  Figure  6.  The  step  function  was  proposed  by  Robin  and 
Pluvinage  [16].  The  load  was  reduced  by  10  percent  after  0.2  mm  of  crack  extension.  The 
crack  extension  was  large  enough  for  the  crack  to  traverse  the  plastic  zone  created  by 
the  previous  load. 

As  previously  mentioned,  several  investigators  [18-20]  have  experimentally  shown 
that  the  stress-intensity  factor  threshold  under  load-reduction  schemes  can  be  explained 
by  the  crack-closure  behavior.  Some  typical  results  on  an  aluminum  alloy  are  shown  in 
Figure  7.  Minitkawa  and  McEvily  [31]  conducted  a  threshold  test  on  a  compact  specimen  and 
measured  the  crack-opening  loads  as  the  AK  level  approached  AKth*  The  crack-opening 
loads  were  determined  from  a  displacement  gage  at  the  edge  of  the  compact  specimen.  This 
location  was  remote  from  the  crack  tip.  For  high  AK  levels,  the  Po/Pmax  values  ranged 
from  0.15  to  0.35.  The  horizontal  line  is  the  calculated  Po/Pmax  ratio  from  the  closure 
model  under  constant-amplitude  loading  with  plane-strain  conditions  (a  =  3) .  The  calcu¬ 
lated  ratio  agreed  fairly  well  with  the  experimental  values.  As  AK  approached  AK^hi 
the  Po/Pmax  ratio  rapidly  rose  and  the  ratio  was  nearly  unity  at  threshold.  Thus,  the 
rise  in  crack-opening  load  explains  why  the  threshold  developed.  But  what  caused  the  rise 
in  crack-opening  loads?  A  number  of  suggestions  have  been  advanced  to  explain  this  behav¬ 
ior.  Among  these  are  the  mismatch  of  crack-surface  features  observed  by  Walker  and 
Beevers  [32]  in  a  titanium  alloy;  the  corrosion  product  formation  on  the  crack  surfaces, 
as  observed  by  Paris  et  al.  [33]  and  Ritchie  et  al.  [34];  and  the  variation  in  the  mode 
of  crack  growth  with  stress-intensity  factor  level  as  reported  by  Ohtsuka  et  al.  [35], 
and  Hinakawa  and  McEvily  [31].  The  mismatch  of  crack-surface  features  and  corrosion  pro¬ 
ducts  on  the  crack  surfaces  could  cause  the  surfaces  to  come  into  contact  at  a  higher 
load  than  the  load  for  a  crack  without  the  mismatch  or  corrosion  products.  The  mode  of 
crack  growth  near  threshold  is  a  combination  of  Mode  I  and  Mode  II  (tensile  and  shear) 
instead  of  pure  Mode  I.  The  mixed-mode  crack  growth  causes  an  irregular  crack  surface 
profile  and,  consequently,  the  possibility  of  crack-surface  mismatch.  The  analytical 
treatment  of  crack  closure  due  to  crack-surface  mismatch  or  corrosion  products  on  the 
crack  surface  is  beyond  the  scope  of  the  present  paper. 

However,  now  consider  the  influence  of  the  load-reduction  scheme  on  crack  closure. 
Using  the  closure  model,  a  simulated  threshold  test  was  conducted  on  a  C''T  specimen  made 
of  steel  using  Buccl's  load-reduction  scheme  [17].  The  material  flow  stress  was  800  MPa 
and  the  constraint  factor  was  assumed  to  be  unity.  The  applied  load  (or  applied  stress) 
against  crack  length  is  shown  by  the  solid  curve  in  Figure  6  at  an  R  ratio  of  sero. 

The  crack  length  at  initiation  of  the  load-reduction  scheme  (ci)  was  20  sm.  As  the 
applied  stress  was  reduced  with  crack  extension,  the  closure  model  predicted  a  rise  in 
crack-opening  stress.  To  find  out  why  the  crack-opening  stress  rose,  the  crack-tip  dis¬ 
placements  during  a  single  cycle  are  shown  in  Figure  8.  The  figure  shows  applied  stress 
normalised  by  the  maximum  applied  streee  plotted  against  displacement  of  the  crack-tip 
eleswnt,  sisular  to  that  shown  in  Figure  4  for  oonatant-amplitude  loading.  Again,  the 
crack -omening  stress  is  shown  by  the  solid  syadMl  on  the  loading  branch.  Rare,  the 
crack-opening  stress  is  higher  than  the  value  calculated  for  constant-amplitude  loading 
(shown  1^  the  dashed  line) .  in  oontrast  to  the  closure  behavior  under  oonstant-aaqplltude 
loading,  in  the  threshold  test  the  oraek  did  not  close  near  the  crack  tip  but  did  close 


away  from  the  crack  tip,  as  illustrated  in  the  insert.  The  insert  shows  a  schematic  of  y 
the  crack-surface  displacements  near  threshold.  The  shaded  region  around  the  crack  ^ 

depicts  the  residual  plastic  deformations  left  in  the  wake  of  the  growing  crack.  The 
largest  residual  deformations  occur  along  the  crack  at  about  Cj^  and,  consequently,  the 
crack-opening  stress  is  controlled  by  the  displacements  in  this  region.  These  displace¬ 
ments  tend  to  prop  the  crack  open  at  the  tip.  Figure  8  shows  that  the  crack-tip  element 
does  not  change  in  displacement  until  after  the  crack  surfaces  are  fully  open.  During 
unloading,  Sq  shows  the  applied  stress  level  at  which  the  crack  surfaces  close  away 
from  the  tip  and  S^.  shows  the  applied  stress  level  at  which  the  crack  tip  closes. 

Ohta  et  al.  [19]  tested  CCT  specimens  made  of  HT80  steel  (t  =  10  mm)  over  a  wide 
range  of  R  ratios  (-1  to  0.8)  to  determine  crack-growth  rates  down  to  threshold  and  to 
measure  crack-opening  stresses.  They  used  the  Ohta-Sasaki  load-reduction  scheme  (dashed 
curves  shown  in  Fig.  6)  and  a  small  crack-tip  displacement  gage  to  measure  Sq  values. 
Some  typical  results  on  crack-opening  stresses  for  R  =  0  are  shown  in  Figure  9 .  The 
So/Smax  ratio  is  plotted  against  AK  level  during  the  load-reduction  scheme.  The 
crack-opening  ratio  was  constant  down  to  a  AK  level  of  about  15  MPa-m^/2.  Near  this 
level,  the  ratio  rapidly  rose  as  the  applied  loads  were  reduced  and  a  threshold  developed 
at  about  7  MPa-m^/^.  The  solid  curves  show  calculations  from  the  closure  model  with 
0=1  and  1.73.  The  plane-stress  calculations  are  in  good  agreement  with  the  experimental 
data  down  near  threshold.  Because  their  crack-closure  measurements  were  made  on  the  sur¬ 
face  of  the  specimen,  their  results  should  be  close  to  those  for  plane-stress  conditions. 
Similar  comparisons  at  R  =  0.8  and  -1  show  similar  agreement  between  plane-stress  calcu¬ 
lations  and  measurements  (not  shown) . 


But  crack  closure  near  the  free  surfaces  of  a  specimen  may  not  control  the  overall 
growth  rate  through  the  thickness  of  a  specimen.  In  fact,  the  crack-opening  stresses  vary 
through  the  thickness  of  a  specimen  (36) .  Thus,  the  overall  growth  rate  at  low  AK 
values  may  be  controlled  by  a  higher  constraint  factor  than  that  of  plane  stress.  To 
determine  the  proper  constraint  factor,  a  three-dimensional  analysis  would  be  required. 
However,  the  correlation  of  crack-growth  rate  data  at  various  stress  ratios  could  also  be 
used  to  experimentally  determine  an  approximate  constraint  factor  [37] .  Using  a  plot  of 
AK  and  rate  for  various  R  ratios,  as  shown  in  Figure  10(a)  for  the  HT80  steel,  the 
spread  in  the  data  as  a  function  of  R  can  be  used  to  find  the  crack-opening  stresses 
needed  to  correlate  the  R-ratio  data  on  a  AK_ff  and  rate  plot.  Because  crack-opening 
stresses  are  a  function  of  constraint  factor  (see  Fig.  5) ,  an  approximate  constraint 
factor  can  be  found  to  correlate  the  data.  For  the  10-mm-thick  steel  specimens  at  low 
AK  levels,  plane-strain  conditions  were  expected  to  exist  under  constant-amplitude  load¬ 
ing.  Figure  10(b)  shows  a  plot  of  AKeff  and  ^’ate  for  the  same  HT80  steel  data  using  a 
closure  analysis  under  plane-strain  conditions  (oi  =  3) .  Curves  were  drawn  through  the 
data  for  each  R  ratio.  Growth  rates  above  5  x  lO"®  mm/cycle,  basically  generated  under 
constant-amplitude  loading,  correlated  quite  well  under  plane-strain  conditions  even  for 
high  AK  values.  But  the  threshold  data  showed  systematic  variations  with  AKeff; 
Recalling  how  well  the  closure  analysis  under  plane-stress  conditions  (a  =  1)  predicted 
threshold  behavior  under  a  load-reduction  scheme  (see  Fig.  9),  the  growth  rate  data  on  the 
HT80  steel  were  replotted  in  Figure  11  using  a  closure  analysis  with  a  -  1  (Fig.  11(a)) 
and  0=3  (same  as  Fig.  10(b)).  These  results  show  that  plane-stress  closure  is  con¬ 
trolling  the  growth  rates  near  threshold  under  a  load-reduction  scheme. 

Apparently,  the  plane-stress  regions  near  the  free  surfaces  of  a  specimen  play  an 
important  role  on  crack-closure  effects  under  load-reduction  schemes  and  variable- 
amplitude  loading.  McEvily  [38]  conducted  experiments  to  confirm  tlie  importance  of  crack 
closure  near  the  free  surfaces.  He  found,  in  a  test  on  a  6061  aluminum  alloy  specimen 
(t  =  12.7  mm),  that  a  spike  load  caused  significant  crack-growth  delay.  In  a  second  test, 
he  carefully  machined  25  percent  of  the  thickness  from  each  surface  of  the  specimen  after 
the  application  of  the  spike  load  and  found  very  little  crack-growth  delay.  Thus,  the 
crack— closure  effect  under  spike  loading  is  predominantly  a  surface  phenomenon. 


As  Shown  by  Figures  7  through  11,  the  threshold  behavior  observed  in  load -reduct ion 
schemes  [15-17]  is  caused  by  a  rise  in  the  crack-opening  stresses,  and  the  rise  is  caused 
by  residual  plastic  deformations  left  in  the  wake  of  the  growing  crack.  Thus,  load- 
reduction  schemes  create  artifically  high  values  of  stress-intensity  factor  thresholds, 
and  the  crack-growth  rate  data  generated  under  these  load-reduction  schemes  cannot  he 
used  in  an  LEFM  analysis  to  predict  the  growth  of  small  cracks.  To  obtain  crack-growth 
rate  data  at  low  AK  levels  using  large  cracks,  the  threshold  testing  procedures  must  ^ 
changed.  The  residual  defoiroations  on  the  crack  surfaces  near  the  beginning  of  a  thresh¬ 
old  test  must  be  eliminated  (see  insert  in  Pig,  8) .  The  deformations  could  machined 
away  during  the  test  or  large  compressive  loads  could  ^  applied  to  ^^e  spec imm  to  remove 
this  deformation.  The  specimen  could  also  have  been  side-grooved  to  eliminate  plane 
stress  conditions  at  the  crack  front. 


Growth  of  Small  Cracks 

in  the  following  sections,  the  crack-growth  rates  measured  In  speci^ns  with  large 
cracks  (c  >  2  mm)  are  correlated  with  the  plastic-sone  <=«««“<> 
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growth  raW^^ata  for  the  particular  material  and  thickness.  Using  the  closun  model  with 
an  assumed  constraint  factor,  the  crack-growth  rates  for  small  cracks  in  plates  and 
holes  are  predicted  and  compared  with  experimental  rates.  All  initial  cracks  are  assumed 
to  have  no  previous  load  history  (no  residual  deformations) . 


CSA  G40.il  Steel.-  El  Haddad  [3]  tested  CCT  and  single-edge-crack  tension  (SECT) 
specimens  made  of  the  CSA  G40.il  steel  under  cyclic  loading  at  an  R  ratio  of  -1.  The 
material  yield  stress  was  370  MPa  and  the  ultimate  tensile  strength  was  510  MPa.  All 
specimens  were  2.54  mm  thick.  These  testa  were  conducted  to  study  the  growth  character¬ 
istics  of  small  and  large  cracks. 

The  AK-rate  data  for  the  SECT  specimens  with  large  cracks  are  shown  in  Figure  12  as 
solid  symbols.  Because  the  closure  model  has  not  been  developed  for  SECT  specimens,  the 
data  were  assumed  to  be  equivalent  to  data  generated  on  CCT  specimens.  (El  Haddad's  data 
on  CCT  specimens,  to  be  shown  later,  were  in  good  agreement  with  the  SECT  specimen  data.) 
The  solid  lines  through  the  SECT  specimen  data  in  Figure  12  show  the  baseline  (AK-rate) 
data.  To  determine  ®  closure  analysis  on  a  CCT  specimen  (Smax  ~  MPa;  a  -  1) 

was  conducted.  The  corresponding  crack-growth  table  is: 


dc 

aii' 

mm/cycle 

AK^ff, 

MPa-m^'^^ 

2.24E-06 

6.53 

1.02E-05 

7.69 

4.70E-05 

9.78 

l.OP.E-04 

12.62 

1.93E-04 

17.29 

3.18E-04 

22.46 

6.60E-04 

34.20 

1.52E-03 

58.31 

This  table  was  used  in  all  predictions  made  on  the  CSA  G40.il  steel. 

El  Haddad  [3]  tested  CCT  specimens  with  small  cracks  at  high  stress  levels  (207  and 
240  MPa).  The  crack-starter  notch  was  a  very  small  hole  (r  =  0.19  mm),  but  no  details 
were  given  on  how  the  crack  was  initiated.  These  results  are  shown  as  the  open  symbols 
in  Figure  12  and  show  that  small  cracks  grow  much  faster  than  large  cracks  at  the  same 
AK  level. 

In  the  closure  analysis,  an  extremely  small  through  crack  (0.01  mm)  was  assumed  to 
exist  at  the  edge  of  the  starter  notch.  The  constraint  factor  was  assumed  to  be  unity 
because  the  specimens  were  subjected  to  high  stress  levels.  The  predicted  growth  rates 
are  shown  as  solid  curves  in  Figure  12.  The  predictions  are  in  fair  agreement  with  the 
experimental  results.  Both  experimental  and  predicted  results  show  a  minimum  rate  at  a 
particular  AK  level.  In  the  analysis,  this  behavior  was  caused  by  the  transient  behav¬ 
ior  of  the  crack-opening  stresses  shorn  in  Figure  13.  Hers  the  calculated  So/Smax 
ratios  are  plotted  against  crack  length  for  the  two  tests.  The  calculated  crack-opening 
stress  was  initially  the  minimum  applied  stress,  but  the  opening  stress  rapidly  rose  and 
then  tended  to  level  off  as  the  crack  grew  under  cyclic  loading.  Truyens  [39]  has  experi¬ 
mentally  shown  a  similar  trend  in  Sq  with  crack  length  in  a  ship  steel.  The  effective- 
stress  range  (ASeff),  indicated  in  the  figure,  was  S^ax  ~  Sq.  Crack-growth  rates  are 
directly  related  to  ASeff.  As  the  crack  grew,  the  decrease  in  ASeff  and  the  increase 
in  crack  length  (increase  in  stress-intensity  factor)  combined  to  cause  the  unusual  behav¬ 
ior  shown  in  Figure  12.  Truyens  [39]  also  observed  a  similar  trend  in  crack-growth  rates. 

El  Haddad  [3]  also  tested  specimens  with  cracks  emanating  from  larger  holes  than 
that  used  in  the  previous  example.  The  hole  radii  were  4.76  and  7.94  mm  in  70-mm-wide 
specimens.  The  maximum  applied  stress  was  135  MPa  at  an  R  ratio  of  -1.  His  experimen¬ 
tal  data  on  the  cracked-hole  specimens  are  shown  as  open  symbols  in  Figure  14.  The  solid 
symbols  show  his  results  from  CCT  specimens  also  tested  at  an  applied  stress  level  of 
135  MPa.  These  results  show  that  small  cracks  from  holes  grow  much  faster  than  would  be 
predicted  from  using  LEFM  analyses  with  large  crack  data. 

In  the  analysis,  the  baseline  (AK-rate)  data  were  obtained  from  large  cracks  in  CCT 
and  SECT  specimens.  The  solid  lines  through  the  CCT  specimen  data  in  Figure  14  show  the 
baseline  data.  Here  again,  no  details  on  the  crack-starter  notch  were  given  in  Refer¬ 
ence  3.  Therefore,  it  was  assumed  that  a  very  small  through-crack  (0.01  mm)  was  at  the 
edge  of  the  holes.  The  solid  curves  in  Figure  14  show  predictions  from  the  closure 
analysis  with  a  -  1.  The  predicted  rates  were  in  reasonable  agreement  with  the  experi¬ 
mental  data.  For  cracks  emanating  from  holes,  the  transient  behavior  of  the  crack- 
opening  stresses  (similar  to  that  shown  in  Fig.  13)  and  the  plastic-zone  corrected 
stress-intensity  factor  range  combined  to  cause  the  trends  shown  in  Figure  14. 

Alolad  2024-T3  Aluminum  Alloy.-  Broek  [5]  tested  center-crack  and  cracked-hole 
specimens  made  of  2d24-f3'  Alolad  aluminum  alloy  subjected  to  tensile  loading  at  an  R 
ratio  of  0.01.  The  yield  stress  of  the  material  was  375  MPa  and  the  ultimate  tensile 
strength  was  475  MPa.  All  speolmena  wore  2  mm  thick.  The  AK-rate  data  are  shown  In 
Figure  15  for  the  CCT  specimens  and  for  specimens  with  small  cracks  emanating  from  holes 
of  various  radii,  ranging  from  2.5  to  20  mm.  Again,  these  results  show  that  small 
cracks  from  holes  grow  faster  than  would  be  predicted  using  an  LEPM  analysis  with  large 
crack  data  on  CCT  specimens. 


In  the  closure  analysis,  the  constraint  factor  was  assumed  to  be  unity  because  most 
of  the  rates  were  above  the  rate  at  transition  (flat  to  slant  growth) .  The  rate  at  tran¬ 
sition  was  estimated  to  be  about  3  x  10”5  mm/cycle  (first  knee  in  baseline  data  at  about 
9  MPa-m^/2) .  The  development  of  the  crack-growth  rate  table  was  discussed  and  was 
included  in  the  section  on  "Fatigue  Crack  Growth  Rates."  The  predicted  results  for  small 
cracks  at  holes  are  shown  as  solid  curves  in  Figure  15.  Solid  and  open  symbols  of  the 
same  type  denote  corresponding  predictions  and  experiments.  For  small  radii,  the  analysis 
underpredicted  the  growth  rates;  for  the  larger  radii,  the  analysis  overpredicted  the 
rates.  In  all  cases,  the  predicted  rates  were  within  about  a  factor  of  2  of  the  experi¬ 
mental  rates. 

Cast  Nickel-Aluminum-Bronze  Alloy.-  Taylor  and  Knott  (10,40]  tested  through-cracks 
and  small  surface  cracks  under  three-point  bending  at  an  R  ratio  of  0.1.  The  material 
yield  stress  was  250  MPa.  The  ultimate  tensile  strength  was  not  reported  in  References  10 
or  40,  and  the  strength  was  estimated  to  be  550  MPa  (41],  Most  of  the  surface-crack  tests 
were  conducted  with  a  maximum  outer  fiber  stress  of  330  MPa  [40] .  The  small  surface 
cracks  were  naturally-occurring  cracks  from  casting  defects  on  the  surface  of  the  speci¬ 
mens.  Some  of  the  largest  defects  shown  on  photomicrographs  [10,40]  had  lengths  (2c) 
ranging  from  0.05  to  0.15  mm.  The  AK-rate  data  for  the  surface-crack  specimens  are  shown 
as  open  symbols  in  Figure  16,  Reference  10  did  not  give  the  particular  test  conditions 
for  each  surface-crack  test,  but  the  test  conditions  were  assumed  to  be  identical.  Thus, 
the  data  show  a  lot  of  scatter  which  is  undoubtedly  due  to  the  cracks  growing  through  dif¬ 
ferent  microstructure. 

The  solid  curve  showing  the  threshold  at  about  7.5  MPa-m^/^  was  obtained  from  bend 
specimens  with  large  through-cracks.  The  results  on  large  cracks  and  small  surface  cracks 
show  that  small  cracks  grow  at  AK  levels  well  below  the  threshold  established  from  large 
crack  tests.  (Again,  the  details  of  the  large  crack  tests  were  not  reported  in  Refer¬ 
ences  10  or  40.) 

Because  crack-growth  rate  data  generated  under  load-reduction  schemes  (see  comments 
in  section  on  "Threshold  Testing")  cannot  be  applied  to  the  growth  of  small  cracks  [2] , 
the  dash-dot  curve  was  assumed  to  be  the  baseline  data.  In  the  closure  analysis,  the 
constraint  factor  was  assumed  to  be  either  1  (plane  stress)  or  3  (plane  strain) .  The 
crack-growth  rate  table  for  the  corresponding  constraint  factors  is : 


dc 

aii' 

mm/cycle 

AK^ff(a  =  1), 

AKgff (a  =  3)  , 

2.54E-09 

1.62 

2.55 

2.77E-06 

5.88 

9.28 

6.59E-06 

6.84 

10.78 

1.31E-05 

7.71 

12.18 

3.19E-05 

9.23 

14.58 

7.59E-05 

11.07 

17.46 

The  closure  analysis  has  only  been  developed  for  through-the-thickness  crack  con¬ 
figurations.  To  analyze  the  growth  of  a  small  surface  crack  under  bending,  the  analysis 
for  the  CCT  specimen  was  used  with  modification.  In  the  analysis,  the  CCT  specimen  was 
subjected  to  an  applied  stress  level  equal  to  the  outer  fiber  bending  stress.  For  small 
surface  cracks,  this  assumption  is  adequate  (42].  The  crack -depth-to-crack-length  (a/c) 
ratios  for  the  experiments  were  reported  to  be  about  0.8  [10].  For  this  a/c  ratio  and 
for  small  surface  cracks  (a/t  nearly  zero) ,  the  average  stress-intensity  factor  around 
the  crack  front  is  about 


AK  «  AS  /itc  0.7  (4) 

Thus,  the  stress-intensity  fnrtor  fr,r  the  rrr  specimen  was  multiplied  by  0.7  to  convert 
the  equation  to  a  small  surface  crack  under  bending.  The  crack-opening  stresses  calcu¬ 
lated  for  a  center-crack  specimen  were  also  assumed  to  apply  for  the  surface-crack 
configuration. 

The  predicted  results  for  small  surface  cracks  are  shown  as  solid  curves  in  Figure  16 
for  the  respective  values  of  a.  The  plane-strain  predictions  were  closer  to  the  experi¬ 
mental  results  than  the  plane-stress  predictions.  However,  under  plane-strain  conditions, 
the  initial  high  growth  rate  (solid  symbol)  was  considerably  lower  than  the  experimental 
rates.  This  discrepancy  may  be  due  to  the  crack  growing  in  some  "weak”  direction  in  the 
microstructure  in  the  early  stages  (10]. 


CONCLUSIONS 

An  analytical  fatigue  orack-olosure  model  was  used  to  study  the  crack  growth  and  clo¬ 
sure  behavior  of  small  cracks  in  plates  and  at  circular  holes,  and  to  study  the  closure 


/  behavior  of  large  cracks  under  load-reduction  schemes  used  in  threshold  testing.  Some 
lO  comparisons  were  made  between  calculated  and  experimental  crack-opening  stresses  for 
these  loading  conditions  on  a  steel  and  an  aluminum  alloy. 

Crack-growth  rates  under  constant-amplitude  loading  for  large  cracks  (lengths  greater 
than  2  mm)  in  a  steel*  an  aluminum  alloy*  and  a  cast  nickel-aluminum-bronze  alloy  were 
correlated  with  the  plastic-zone  corrected  effective  stress-intensity  factor  range.  Using 
these  correlations*  the  growth  rates  for  small  cracks  in  plates  and  at  circular  holes  were 
predicted  and  compared  with  experimental  growth  rates. 

The  following  conclusions  ware  obtained; 

1.  Under  load-reduction  schemes  used  in  threshold  testing*  the  rise  in  crack-opening 
stresses  near  threshold  is  caused  by  residual  plastic  deformations.  Thus*  load-reduction 
schemes  create  artificially  high  values  of  stress-intensity  factor  thresholds. 

2.  Near  threshold*  the  calculated  crack-opening  stresses  under  plane-stress  condi¬ 
tions  agreed  well  with  experimental  measurements  on  steel  specimens. 

3.  Crack-growth  rate  data  generated  under  load-reduction  schemes  for  large  cracks 
cannot  be  used  with  linear-elastic  fractu.-e  mechanics  analyses  to  accurately  predict  the 
growth  of  small  cracks. 

4.  Small  cracks  (less  than  1  mm)  in  plates  and  at  holes  grow  faster  than  large 
cracks  (greater  than  2  mm)  at  equal  stress-intensity  factor  ranges  because  the  applied 
stress  needed  to  open  a  small  crack  is  leas  than  that  needed  to  open  a  large  crack  and* 
consequently*  the  effective  stress  range  for  small  cracks  is  greater  than  that  for  large 
cracks. 

5.  Closure  analyses  based  on  plastic-zone  corrected  effective  stress-intensity  fac¬ 
tor  ranges  and  crack-growth  rate  data  from  large  cracks  predicted  the  growth  of  small 
cracks  in  plates  and  at  holes  reasonably  well. 


APPENDIX  A — EQUATIONS  FOR  STRESS-INTENSITY  FACTORS  AND  CRACK-SURFACE  DISPLACEMENTS 

The  analytical  closure  model  for  a  crack  in  a  finite  plate  125]  and  for  cracks  ema¬ 
nating  from  a  circular  hole  in  a  finite  plate  requires  the  stress-intensity  factor  and 
crack-surface  displacement  equations  for  the  two  elastic  configurations  shown  in  Fig¬ 
ure  17.  The  equations  for  stress-intensity  factors  and  crack-surface  displacements  for  a 
crack  subjected  to  various  loading  in  an  infinite  plate  (r  »  0)  were  obtained  from  the 
literature  [43] .  These  equations  are  modified  herein  for  cracks  emanating  from  a  circular 
hole  in  a  finite  plate.  Some  of  the  approximate  equations  are  verified  with  boundary- 
collocation  [44,45]  and  conformal-mapping  [46,47]  analyses. 


Stress-Intensity  Factors  for  Cracks  Emanating  from  a  Circular  Hole  in  an  Infinite  Plate 

Remote  Uniform  Stress.-  The  stress-intensity  factor  equation  for  the  configuration 
shown  in  Figure  17 (a) *  with  w  equal  to  infinity,  was  obtained  by  fitting  to  the  results 
from  References  45  and  47.  The  equation  is 

Ku  =  =  S  ^  F?  (5) 

n  *  h  n 

where  K®  is  for  a  crack  in  an  infinite  plate  without  a  hole  and  F^  is  the  boundary- 
correction  factor  for  the  circular  hole.  The  equation  for  F^  is 

"h  =  ^n 

where  n  =  1  is  for  a  single  crack  and  n  =  2  is  for  two  symmetric  cracks.  The  func¬ 
tions  f(,  are 

fj  »  0.707  +  0.7651  +  0.2821^  +  0.741^  +  0.8721^  (7) 

and 

fj  -  1  +  0.3581  +  1.4251^  -  1.5781^  +  2.1561^  (8) 

where  1  -  r/d  and  0  <  1  <  1.  Eq.  (5)  is  within  0.2  percent  of  the  results  in  Refer¬ 
ences  45  and  47. 

Concentrated  roroe.-  The  stress-intensity  factors  for  two  oracks  emanating  from  a 
circular  hole  subjeoteS  to  a  symawtrlo  pair  of  concentrated  forces  in  an  infinite  plate, 


Figure  18,  were  obtained  from  a  boundary-collocation  analysic  hv  Newman  (unpublished).  ,  ,, 

An  equation  was  fitted  to  the  results  and  is  (^~ll 


«h  =  = 


2Pd 


l|ird(d^  -  b^) 


(9) 


where  K(„  is  for  a  crack  in  an  infinite  plate  without  a  hole  and  Fk  is  the  boundary 
correction  factor  for  the  circular  hole.  The  equation  for  the  correction  factor  is 


^h  "  ^  ^  ''i(r-HE-)  A2(f^) 


=  -0.02X^  +  0.5581^ 


(10) 

(11) 


Aj  =  0.221X^  +  0.046X^ 


(12) 


where  y  =  b/d  and  X  =  r/d  for  X  <  y  <  1 
cent  of  the  boundary-collocation  results.” 


and 


0  <  X  <  1.  Eq.  (9)  is  within  ±1  per- 


P^ttially-Loaded  Crack.-  The  stress-intensity  factors  for  the  configuration  and 
loading  shown  in  Figure  17 (h) ,  with  w  =  »,  were  obtained  by  using  Eq.  (9)  as  a  Green's 
function  and  integrating  over  the  segment  b^  to  ^2*  The  resulting  equation  is 


•'h  *  G(Y/X) 


(13) 


where 


G(y,X) 


■ll". 

•[* 


3A, 


2(1  -  X) 
(4  -  y)A2 


2(1  -  X) 


Y  =  b2/d 

Y  =  b^/d 


(14) 


A]^  and  A2  are  given  by  Eqs.  (11)  and  (12)  ,  respectively.  To  get  Eq.  (13)  into  the 
same  form  as  Eqs.  (5)  and  (9) ,  Eq.  (13)  is  rewritten  as 


<  = 


■  ^  {»  -  (^)]  'S 


where  K„  is  for  a  crac)t  in  an  infinite  plate  without  a  hole  and  F? 
hole  correction  factor.  The  function  Fg  is  given  by 


(15) 

is  the  circular 


G(y,X) 


(16) 


where  G(y,X)  is  given  by  Eq.  (14). 

Crack-Surface  Displacements  for  Cracks  Emanating  fr<mi  a  Circular  Hole  in  an  Infinite  Plate 

The  exact  crack-surface  displacements  for  the  configurations  shown  in  Figure  17,  with 
w  equal  to  infinity  and  hole  radius  equal  to  zero,  were  obtained  from  Westergaard  stress 
functions  given  in  Reference  43.  These  equations  are  modified  herein  for  cracks  emanating 
from  a  circular  hole.  The  following  sections  given  approximate  displacement  equations  for 
remote  uniform  stress  and  for  the  partially-loaded  crack. 

Remote  Uniform  Stress.-  The  approximate  craok-surface  displaceiMnts  for  the  configur- 
ations  shown  in  Figure  l7(a> ,  with  w  «  »,  are 


k  J?- 


(17) 


for  |x|  id,  where  n  ■  v  for  plane  strain  and  n  ~  0  for  plane  stress, 
by  Eq.  (6).  In  the  region  near  the  ax%ck  tip,  Iq.  (17)  is  very  aoourate. 


is  given 


Partially-Loaded  Crack.-  The  approximate  crack-surface  displacements  for  the  config- 
uration  and  loading  shown  in  Figure  17(b),  with  w  »  »,  are 

JL 

''h  =  ^h  <18) 

where 

=  ■— [<b  -  ’‘t  (aiV-'^xl  ) 

t  N|d2  -  x2  sin-1  ^  ^2 

for  |x|  <  d,  and  Fu  is  given  by  Eg.  (16)  .  Again,  the  equation  is  very  accurate  in  the 
region  near  the  crack  tip. 


Finite-Width  Corrections 

The  equations  given  in  the  preceding  sections  for  stress-intensity  factors  and  crack- 
surface  displacements  (Eqs.  (5)  to  (19))  are  for  cracks  emanating  from  a  circular  hole  in 
an  infinite  plate.  But  these  quantities  are  influenced  by  the  finite  width  of  the  plate. 
Therefore,  some  approximate  finite-width  corrections  are  developed  herein.  The  stress- 
intensity  factor  for  a  crack  in  a  finite-width  plate  is 


K  F 
“>  w 


(20) 


where  K„  is  the  stress-intensity  factor  for  cracks  emanating  from  a  circular  hole  in  an 
infinite  plate  and  F;^  is  the  finite-width  correction  for  the  particular  loading  condi¬ 
tion.  Noting  that  the  elastic  crack-surface  displacements  in  the  region  of  the  crack  tip 
are  directly  related  to  the  stress-intensity  factor,  it  is  proposed  that  the  same  correc¬ 
tion  factor  be  used  for  displacements: 

V  -  V„(|-)  =  V„F„  (21) 


where  V„  is  the  displacement  for  cracks  emanating  from  a  circular  hole  in  an  infinite 
plate,  again  subjected  to  the  particular  loading  condition.  Eq.  (21)  gives  very  accurate 
crack-surface  displacements  in  the  region  near  the  crack  tip. 


Remote  Uniform  Stress.-  The  approximate  boundary-correction  factor  for  two  symmet¬ 
ric  cracks  emanating  from  a  circular  hole  in  a  finite-width  plate  subjected  to  uniform 
stress  [48]  ,  as  shown  in  Figure  17 


,  IS 

/■trr  \ 

/Trd\ 

'J  sec  sec 

\2w/ 

(22) 


for  r/w  <  0.5  and  d/w  <  0.7.  Eq.  (22)  is  within  i2  percent  of  boundary-collocation 
results  [45] .  The  equation  accounts  for  the  influence  of  width  on  stress  concentrations 
at  the  edge  of  the  hole  [49]  and  the  influence  of  width  on  stress-intensity  factors.  The 
crack-surface  displacements  given  by  Eqs.  (17),  (21),  and  (22)  for  r  =  0  were  compared 
with  results  from  Reference  44,  which  used  the  boundary-collocation  method.  The  displace¬ 
ments  were  within  2  percent  of  each  other  for  any  value  of  x  for  d/w  <  0.7.  The  dis¬ 
placements  near  the  crack  tip  were  very  accurate,  as  expected. 

Partially-Loaded  Crack.-  The  approximate  boundary-correction  factor  for  two  symmetric 
cracks  emanating  from  a  circular  hole  in  a  finite-width  plate  subjected  to  partial  loading 
on  the  crack  surface  (Fig.  17(b))  was  obtained  from  the  infinite  periodic  array  of  cracks 
(r  =  0)  solution  [43].  The  correction  factor  is  modified  herein,  as  was  done  in  Refer¬ 
ence  25,  and  is  given  by 


F, 


where 


Bj^  -  sin  (xbjj/2w)/sin  (ird/2w) 


for  r/w  i  0.25 


and  d/w  i  0.7. 


(23) 


(24) 


I 


APPENDIX  B — calculation  OF  CRACK-OPENING  STRESS 

The  following  section  describes  the  method  used  to  calculate  the  crack-opening 
stresses  in  the  analytical  closure  model.  To  find  the  applied  stress  level  needed  to 
open  the  crack  surface  at  any  point,  the  displacement  at  that  point  due  to  an  applied 
stress  increment  (S^  -  S^i^)  is  set  equal  to  the  displacement  at  that  point  due  to  the 
contact  stresses  at  S^in.  This  calculation  is  made  at  the  centroid  of  all  elements  in 
contact  along  the  crack  surface.  The  maximum  value  of  ("So  -  Smin)  gives  the  applied 
stress  level  at  which  the  last  element  (in  contact)  separates  (or  opens) .  This  approach 
is  possible  because  the  stresses  on  the  elements  are  elastic  until  the  crack-tip  element 
yields.  Crack-tip  element  yielding  occurs  only  after  the  crack  surfaces  open  (see 
Figs.  4  and  8) . 

The  displacement  at  point  i,  along  the  crack  surface,  due  to  an  applied  stress 
increment  is 


''I  =  (So  -  (25) 


where 

H^i)  -  (26 

Fh  and  f5  are  given  by  Eqs.  (6)  and  (22),  respectively,  with  d  replaced  by  c.  The 
displacement  at  point  i  due  to  contact  stresses  is 


where 


3=11 


g(Xi,Xj)  =  G(x,,xj)  +  G(-x,,x.) 


V  2(1  -  n^) 


(bj  -  xj  cosh-l  iclb  -  -'x' 


C  -  bjX. 


c  -  b^x. 


-  (bi  -  Xi)  cosh- 


^h^w 


(27) 


(28) 


(29) 


bi  =  Xj  -  wj  and  b2  =  Xj  +  Wj  (Wj  is  the  half  width  of  bar  element  at  point  j) .  (In 
the  closure''model,  10  elements '^were  used  in  the  plastic  zone  and  elements  11  to  n  were 
residual  plastic  deformation  elements  along  the  crack  surface  (see  Ref.  25  for  details).) 
F^  and  F°  are  given  by  Eqs.  (16)  and  (23),  respectively,  again  with  d  replaced  by  c. 
Equating  Eqs.  (25)  and  (27),  and  solving  for  (Sq)^,  gives 


(So),  ■  Smin  ^  Z  "j9(*i'*j)/f(*i) 
^  j-11 


(30) 


for  i  «  11  to  n.  The  maximum  value  of  (Sq),  gives  the  crack-opening  stress,  Sq. 


APPENDIX  C— CALCULATION  OF  PLASTIC-ZONE  SIZE 
Center-Crack  Tension  Specimen 

The  plastic-zone  size  (p)  for  a  crack  in  a  finite-width  specimen  (Fig.  2(a))  was 
obtained  from  Rice  [50]  and  rederived  by  Newman  [25]  aa 


p 


c 


(31) 


For  0-1,  the  equation  reduces  to  the  expression  derived  by  Rice  from  an  infinite  peri¬ 
odic  array  of  cracks  solution.  Nevmian  derived  the  equation  from  approximate  stress- 
intensity  factor  equations  for  finite-width  specimens. 


Cracked-Hole  Specimen 

The  plastic-zone  size  for  cracks  emanating  from  a  circular  hole  in  a  finite-width 
specimen  (Fig.  2 (b) )  was  determined  by  requiring  that  the  finiteness  condition  of 
Dugdale  [26]  be  satisfied.  This  condition  states  that  the  stress-intensity  factor  at  the 
tip  of  the  plastic  zone  is  zero  and  is  given  by 


«h  =  ° 


where 


and 


K®  =  S 
h  max 


F®F= 
h  w 


(32) 


(33) 


[I  -  (I)]  -K  <30 

Fh  and  fS  are  given  by  Eqs.  (6)  and  (22),  respectively.  Fh  and  F^  were  obtained 
from  Eqs.  (16)  and  (23) ,  respectively,  by  setting  b^  =  c  and  b2  =  d.  Substituting 
Eqs.  (33)  and  (34)  into  Eq.  (32)  and  simplifying  gives 

^max^h^w  -  «^o[i  -  I  (I)]  «  =  0  <^5) 

For  a  given  applied  stress  constraint  factor  o,  flow  stress  o^,  specimen  width 

w,  hole  radius  r,  and  crack  length  c,  Eq.  (35)  was  solved  for  d  by  using  an  iterative 
techrique.  Noting  that  p  is  equal  to  d  -  c  gives  the  plastic-zone  size. 


The  plastic-zone  sizes  for  cracks  emanating  from  a  circular  hole  in  an  infinite  plate 
subjected  to  remote  uniform  stress  are  shown  in  Figure  19.  The  plastic-zone  size  normal¬ 
ized  by  c  is  plotted  against  S/(aoQ).  The  dashed  curve  (r  =  0)  shows  the  Dugdale 
model  [26] .  The  solid  curves  show  the  normalized  plastic-zone  sizes  for  various  c/r 
ratios.  For  c/r  equal  to  unity,  yielding  does  not  occur  for  S/{aa^)  ratios  less  than 
one-third  or  1/K,j,  where  K.j  is  the  stress  concentration  for  the  circular  hole. 
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Figure  1.-  Typical  fatigue-crack  growth  rate  data  for  small 
and  large  cracks-. 
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(a)  Center  crock  (b)  Cracks  from  hole 


Figure  2.-  Center-crack  and  cracka  from  circular  hole  specimens  with  Dugdale 
plastic  xones  and  residual  plastic  deformations. 


Stress  ratio,  R 


Figure  5.-  Normalized  crack-opening  stresses  as  a  function  of  R  ratio  under 
constant-amplitude  loading  for  simulated  plane-stress  and  plane-strain 
conditions. 


Figure  6.-  Various  load-reduction  schemes  used  in  iK  threshold  testing. 


lO'-' 


Figure  7.-  Comparison  of  experimental  growth  rates  and  crack-opening  stresses 
on  a  2219-T87  aluminum  alloy  compact  specimen  [31] . 
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Figure  9.-  Comparison  of  experimental  and  calculated  crack-opening  stresses  for 
a  AK-threshold  test  using  Ohta-Sasaki  load-reduction  scheme  [IS] . 


(a)  Linear-elastic  fracture  mechanics  (b)  Plane-strain  closure  analysis 


Figure  10.-  Crack-growth  rates  as  a  function  of  stress-intensity  factor  range  for 
various  R  ratios  using  LEFM  and  closure  analysis  for  simulated  plane-strain 
condition. 


10'^ r  HT80  steel  [191 


HT80  Steel  119] 


^  10-s 

dN 

mm/cycle 


Plane  stress 
a  =  1 


R  =  .8 


Plane  strain 
a  =  3 


R  =  .8 


Same  as  Fig,  10b 


(a)  Plane-stress  closure  analysis 
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Figure  11.-  Crack-growth  rates  as  a  function  of  stress-intensity  factor  range 
for  various  R  ratios  using  closure  analyses  for  simulated  plane-stress 
and  plane-strain  conditions. 
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Figure  12.-  Comparison  of  experimental  and  predicted  crack -growth  rates  for 
small  cracks  In  center-crack  tension  specimens  subjected  to  high  stress 
levels. 
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Figure  13.-  Calculated  crack-opening  stresses  as  a  function  of  crack  length 
under  constant-amplitude  loading  (solid  symbol  denotes  crack  length  at 
minimum  crack-growth  rate) . 


Figure  14.-  Comparison  of  experimental  and  predicted  crack -growth  rates 
for  small  cracks  emanating  from  a  circular  hole  in  steel  specimens. 


Figure  IS.-  Comparison  of  experimental  and  predicted  crack-growth  rates  for 
small  cracks  emanating  from  a  circular  hole  in  aluminum  specimens. 


Figure  16.-  Comparison  of  experimental  and  predicted  crack-growth  rates  for 
small  surface  cracks  in  specimens  subjected  to  a  high  stress  level. 
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SUMMARY 

This  paper  deals  with  the  analytical  determination  of  the  linear-elastic  stress 
intensity  factor  (SIF)  for  structures  with  small  cracks.  Two  different  cases  are 
considered  :  a)  through-the-thickness-cracks  emanating  from  a  circular  hole,  b)  semi¬ 
elliptical  surface  cracks.  The  analytical  methods  studied  herein  are  :  the  WEIGHT- 
FUNCTION  METHOD  by  GRANDT  for  the  case  a)  and  the  ENGINEERING  METHOD  by  NEWMAN  for  the 
case  b) .  Results  obtained  from  analyses  are  compared  with  corresponding  test  results. 

The  comparisons  show  good  agreement.  Analyses  show  that  a  cracked  pin-loaded  hole  is  the 
most  critical  case  as  compared  with  other  crack-configurations.  Furthermore,  analyses 
indicate  the  degree  of  conservative  assessment  when  assuming  a  through-crack  instead  of 
a  surface  crack  as  far  as  the  crack  propagation  behaviour  is  concerned.  Both  methods 
studied  herein  are  recommended  for  practical  application  in  aircraft  design..^— 
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Notation 

Cartesian  coordinates,  mm 

Diameter  of  circular  hole,  mm 

Width  of  cracked  plate,  mm 

Thickness  of  cracked  plate,  mm 

Young's  modulus  of  plate  material,  MPa 

Remote  uniform  tensile  stress,  MPa 

Upper  level  of  S  during  a  load  cycle,  MPa 

Lower  level  of  S  during  a  load  cycle,  MPA 

Residual  strength  (gross-sectional  failure  stress) ,  MPa 

Local  stress  distribution  near  circular  hole  in  the  plate,  MPa 

Applied  tension  load,  N 

Pin- load,  N 

Length  of  through-crack  and  surface  crack,  respectively,  mm 

Initial  crack  length,  mm 

Final  crack  length,  mm 

Crack  propagation  rate,  mm/cycle 

Depth  of  surface  crack,  mm 

Crack  opening  displacement  of  the  BOWIE-Problem,  mm 
Stress  Intensity  Factor  (SIF)  ,  N/mm*^* 

Value  of  SIF  for  the  BOWIE-Problem,  N/mm’'* 

Range  of  SIF  during  a  load  cycle,  N/mm’^* 

Critical  value  of  SIF  (fracture  toughness)  ,  N/mm*** 

Correcting  function  of  SIF, - 

Crack  life,  number  of  applied  load  cycles 


1 .  INTRODUCTION 

The  damage  tolerance  evaluation  of  airframe  structures  is  part  of  the  fatigue- 
certification  and  specified  in  corresponding  documents  /!/.  The  basic  assumption  is  that 
cracks  are  present  in  the  load-carrying  structures  during  the  operational  life  of 
aircraft.  Therefore,  it  is  the  main  task  of  the  design  engineer  to  guarantee  that 
cracked  structural  components  do  not  fall  and  cause  catastrophic  loss  of  the  aircraft. 

It  is  well-known  that  the  total  fatigue  life  of  a  airframe  structure  consists  of 
the  crack-free  life  and  the  so-called  crack  life.  Since  the  major  part  of  the  crack  life 
is  achieved  when  the  cracks  originate  and  increase  to  a  certain  size,  it  is  evident 
that  the  case  of  small  cracks  dominates  during  the  crack  life. 

2 .  PROBLEM  AERAS 

Damage  tolerance  analyses  deal  with  the  evaluation  of  the  crack  propagation  and  of 
the  residual  strength  behaviour  of  the  structure.  It  is  common  use  in  aircraft  Industry 
to  apply  the  concept  of  the  linear-elastic  stress  intensity  factor  for  damage  tolerance 
analyses.  From  this  concept  following  equations  have  been  derived  : 
a)  crack  propagation  analyses,  l.e.  crack  length  •  f  (applied  load  cycles) 
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(1) 


b)  residual  strength  analyses,  i.e.  failure  stress  =  f  (crack  length) 

1-^ 

It  is  assumed  that  the  following  data  is  known  prior  to  damage  tolerance  analyses  : 

-  geometry  and  stiffness  of  the  structural  component  considered 

-  loads  and  stress  spectra  being  expected  during  service  life 

-  initial  crack  length  being  detected  by  corresponding  inspection  methods 

-  material  data,  i.e.  crack  propagation  and  fracture  toughness  data. 

The  main  task  to  assess  the  crack  propagation  and  the  residual  strength  behaviour, 
respectively,  is  to  determine  the  correcting  function  Y  of  the  stress  intensity  factor 
as  can  be  seen  from  eqns .  (1)  and  (2). 

For  two  different  cases,  i.e.  through-cracks  emanating  from  a  hole  and  surface 
cracks  in  a  plate,  two  methods  to  determine  the  correcting  function  Y  will  be  discussed 
in  the  following  sections.  For  both  cases  only  the  range  of  small  cracks  are  considered. 

3.  THROUGH-CRACKS  EMANATING  FROM  A  CIRCULAR  HOLE 

The  case  of  cracks  emanating  from  holes  are  of  high  interest  in  aircraft  design  as 
far  as  fatigue  problems  are  concerned.  It  is  known  that  most  failures  in  airframe 
structures  originate  from  fastener  holes  /2/.  Since  built-up  structures  are. designed  to 
be  thin-walled  the  assumption  that  possible  damages  are  through-the-thickness-cracks  is 
evident . 

The  classical  solution  for  a  sheet  containing  a  circular  hole,  from  which  through- 
cracks  emanate,  loaded  by  remote  uniform  tension  has  been  derived  by  BOWIE  /3/.  His 
solution  shows  that  the  case  of  two  cracks  is  more  critical  than  the  case  of  one  crack; 
therefore  only  the  case  of  two  cracks  is  considered  herein.  Taken  BOWIE 's  solution  into 
consideration  GRANDT  has  developed  a  special  mathematical  model  to  determine  SIF  for 
cracks  emanating  from  a  circular  hole  /4/  based  on  the  so-called  WEIGHT-FUNCTION- 
TECHNIQUE  /5/.  A  brief  description  of  GRANDT's  model  is  given  in  fig.1. 

If  the  local  stress  distribution  near  the  uncracked  hole  is  known,  say  from  Finite 
Element  Analyses,  then  the  SIF,  and  thus  the  required  correction  function,  can  be 
calculated  from  eqn.(3).  This  procedure  seems  to  be  advantegeous  for  a  lot  of  practical 
problems,  e.g.  holes  with  installed  interference-fit-fasteners,  cold-worked  holes. 

The  application  of  eqn. (3)  will  be  demonstrated  herein  for  a  strip  of  finite  width 
containing  a  central  hole  and  being  loaded  by  a  remote  uniform  tensile  stress  or  by  a 
pin-load,  respectively.  Since  the  local  stress  distribution  is  known  for  these  two  cases 
/6,7/,  the  correcting  function  has  been  calculated;  the  results  are  given  in  fig. 2, 
especially  for  very  short  crack  lengths.  In  fig. 2  results  from  extensive  residual 
strength  tests  /8/  are  added  for  comparisons  purpose.  The  comparison  shows  good 
agreement. 

Bearing  in  mind  GRANDT's  own  results  one  can  conclude  that  the  method  given  in  fig.1 
gives  sufficient  results  as  far  as  the  accuracy  with  respect  to  practical  applications 
is  concerned.  Furthermore,  it  is  evident  from  fig. 2  that  for  very  short  crack  lengths 
the  pin-loaded  hole  (  Fp/F  =  1  )  gives  higher  values  for  the  correcting  function  of  SIF 
than  the  hole  loaded  by  remote  tension  (  Fp/F  »  O  )  and  is  therefore  more  critical  as  far 
as  the  damage  tolerance  performance  is  concerned. 

4.  SEMI-ELLIPTICAL  SURFACE  CRACKS 

Many  fatigue  -  crJ tlcal  airframe  components  are  thick-walled,  e.g.  fittings  etc.  It 
is  known  that  possible  damages  in  thick-walled  structures  originate  as  surface  cracks. 

The  analyses  of  these  cracks  is  difficult,  since  the  SIF  varies  at  the  boundary  of 
the  crack-front.  Due  to  these  difficulties  NEWMAN  developed  an  ENGINEERING  METHOD  from 
corresponding  test  results  /8/.His  formulas  give  an  approximate  value  for  the  maximum 
SIF,  which  is  present  at  the  minor  axis  of  the  assumed  semi-elliptical  surface  crack. 

The  crack  configurations,  for  which  NEWMAN's  method  can  be  applied,  are  given  in  fig. 3. 

For  the  crack  configurations  shown  in  fig. 3  some  calculations  to  determine  the 
correcting  functions  of  the  SIF  have  been  carried  out  using  NEWMAN's  method;  the  results 
of  these  calculations  are  given  in  fig. 4  and  indicate  that  -especially  for  small  crack 
sizes-  the  pin-loaded  hole  is  the  most  critical  crack  configuration. 

Since  NEWMAN's  method  has  been  derived  from  extensive  residual  strength  tests,  the 
following  question  arises  :  "How  can  NEWMAN's  method  predict  the  crack  propagation 
behaviour  of  components  with  surface  cracks  ?" .  In  order  to  answer  this  question  some 
comparisons  between  prediction  using  a  corresponding  computer-program  /9/  and  tests  /10/ 
have  been  carried  out.  The  specimen  used  is  a  plate  containing  a  central  semi-circular 
surface  crack  and  being  loaded  by  constant-amplitude  fatigue-loads.  The  results  of  this 
comparison  are  given  in  fig. 5  and  show  good  agreement  for  all  cases  considered. 

Another  problem  of  high  practical  interest  will  be  discussed  next.  It  is  assumed 
that  a  certain  crack  length  (on  the  surface  of  a  structural  component)  is  detected  by 
appropriate  inspection  methods.  However,  no  Information  about  the  shape  of  the  crack  in 
direction  of  the  depth  can  be  given  unequivocally.  Thus  the  question  to  be  answered  is: 

"How  great  is  the  error  in  assuming  a  through-crack  Instead  of  a  semi-elliptical  surface 
crack  of  different  shape  as  far  as  the  achieved  crack  life  is  concerned  .  In  order  to 
answer  this  question  some  calculations  have  been  carried  out  taken  the  following  conditions 
into  consideration  : 

-  material,  loading  conditions,  geometry  of  the  structure  considered,  initial  and 
final  crack  length  are  the  same  for  all  calculations, 

-  the  shape  of  the  assumed  semi-elliptical  surface  crack,  i.e.  the  ratio  of  the 
major  axis  to  the  minor  axis  (  a/c  )  is  kept  constant  during  the  crack  propagation 
phase. 

The  results  of  these  calculations  are  given  in  fig. 6.  From  this  figure  it  is  evident  that 
a  surface  crack  has  a  greater  crack  life  than  a  through-crack  of  the  same  crack  length. 


7-3 


5.  CONCLUSION 

Two  different  methods  for  damage  tolerance  evaluation  of  airframe  structures  with 
small  cracks  are  investigated.  These  methods  are  :  WEIGHT-FUNCTION  METHOD  by  GRANDT  for 
through-the-thickness  cracks  emanating  from  a  circular  hole  and  ENGINEERING  METHOD  by 
NEWMAN  for  semi-el 1 ipt ical  surface  cracks. 

Both  methods  give  sufficient  results  as  far  as  the  comparison  with  corresponding 
test  results  is  concerned.  Therefore  both  methods  are  recommended  for  practical 
applications  in  aircraft  design  concerning  damage  tolerance  evaluation. 

As  shown  in  this  paper,  a  cracked  pin-loaded  hole  is  the  most  critical  crack 
configuration,  especially  for  small  cracks,  as  compared  with  other  cases.  Therefore  the 
degree  of  pin-load,  i.e.  the  load-tranfer  by  a  bolt  or  by  a  rivet,  has  to  be  determined 
very  thoroughly  in  order  to  avoid  overestimations  of  the  damage  tolerance  performance 
of  the  airframe  structure. 

Analyses  based  on  through-cracked  configurations  are  pessimistic  as  compared  with 
surface-cracked  configurations  and  should  therefore  be  the  first  (safe)  step  of  damage 
tolerance  evaluation  procedure. 
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Plate- Material  ••  Alum.  7075T7351 


Case  A  ( w=160mm;  a/c=1 ) ,  s.  fig.  3 A 

Constant-  Amplitude-  Loading  :  Sjj=  160MPa  ;  20MPa 
Calculation:  Eqns.(1).(4)  Test;  Mean  Values  of  3  Test-Results  per  t  [to] 


CENTRAL  SEMI-CIRCULAR  SURFACE  -  CRACKS 


O  Constant  -  Amplitude  -  Loading 
Sjj  =  100  MPa  ,  S|_=  0 

O  Material  =  ALUM  7075T7351 
O  Configuration  of  plate  (w»50mm,  tsIOmm) 

•  Central  crock  ,  tension-lood, s.  fig.  3A 

•  Two  cracks  emanating  from  an  open 
hole  ( d*  10 mm)  ,  tension  -  load ,  s.  fig.  3  B 

•  Two  cracks  emanating  from  a  hole 
(d*10mm),  pin-load,  s.fig.3C 

O  Crack-geometry 

•  a  «  crack  length  of  through-crack 

and  of  elliptical  crack ,  s.  fig.  3 

•  c  =  depth  of  elliptical  crack,  s.  fig.  3 

•  aj  '  initial  crack  length  *  2mm 

•  af  final  crack  length  *  10mm 

•  Assumption  :  afc  =  const. 

o  Crack- life  from  aj  to  af 

•  Nfc  through -crock 

•  elliptical  crack 

O  Results  in  diagram  show  tendencies 


FIG.  6  INFLUENCE  OF  RATIO  a/c  OF  SEMI  -  ELLIPTICAL  SURFACE  -  CRACKS  ON 
THE  CRACK- LIFE  COMPARED  WITH  THROUGH  -  CRACKS 
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SUMMARY 

In  a  predominantly  tensile  field  the  time  for  a  fatigue  crack  to  grow  to  a  critical 
length  is  dominated  by  the  time  spent  when  the  crack  is  short.  Cracks  frequently  start 
in  the  vicinity  of  a  stress  concentrator  such  as  a  hole,  and  the  stress  intensity  factor 
which  controls  crack  growth-rate  is  largely  determined  by  the  local  stress  field.  If  the 
hol^  is  loaded  on  its  perimeter,  the  stress  intensity  factor  for  short  cracks  is  strongly 
dependent  on  the  actual  distribution  of  load  on  the  perimeter.  In  a  cracked  pin-loaded 
lug  load  is,  in  general,  transmitted  from  the  pin  to  the  lug  by  both  normal  and  shear 
forces;  the  shear  forces  arise  from  the  friction  (fretting)  between  the  pin  and  the  lug. 
It  is  shown,  by  using  a  Green's  function  technique,  that  the  presence  of  friction 
increases  the  stress  intensity  factor  and  hence  increases  the  rate  of  growth  of  fatigue 
cracks  which  reduces  the  fatigue  lifetime.  The  magnitude  of  these  effects  depends  on  the 
coefficient  of  friction  and  how  it  varies  round  the  hole. 


1  INTRODUCTION 

Cracks  frequently  occur  in  aircraft  structures  and,  in  order  to  assess  structural 
reliability,  it  is  necessary  to  know  both  the  strength  of  the  cracked  component  and  the 
rate  at  which  cracks  grow  under  in-service  fatigue  loads.  Both  strength  and  crack-growth 
depend  upon  the  stress  field  at  the  tip  of  the  crack,  which  is  characterized  by  the  stress 
intensity  factor  K  . 

Because  holes  are  stress  concentrators,  cracks  frequently  start  at  their  edges. 

When  the  holes  are  loaded,  for  example,  holes  in  pin-loaded  lugs,  the  value  of  K  depends 
upon  the  particular  distribution  of  loads  around  the  perimeter  of  the  hole.  It  has  been 
shown  by  Rooke  and  Tweed^  that  the  influence  of  the  radial  load  distribution  on  K  is 
especially  strong  when  the  crack  is  short  because  of  the  closeness  of  the  crack  tip  to  the 
applied  forces.  This  must  be  taken  into  account  in  order  to  obtain  reliable  estimates  of 
the  fatigue  life  of  an  aircraft  structure  since  most  of  the  lifetime  is  spent  while  the 
crack  is  short;  accurate  values  of  K  are  therefore  needed  for  short  cracks. 

In  practice,  the  load  from  a  pin  is  transmitted  to  the  edge  of  the  hole  by  both 
normal  (radial)  and  shear  (tangential)  forces.  Edwards^  has  shown,  that  under  fatigue 
loading,  in  the  presence  of  fretting  (friction  between  the  pin  and  the  edge  of  the  hole) , 
the  shear  forces  can  be  comparable  in  magnitude  to  the  radial  fci'ces.  A  Green's  function 
technique  developed  by  Rooke  and  Hutchins^  can  be  used  to  evaluate  both  opening-mode  and 
slldlng-mode  factors  for  any  distribution  of  radial  and  shear  loads  acting  on  the  perimeter 
of  the  hole. 

In  a  pin-loaded  lug,  the  most  likely  site  for  a  crack  is  at  the  edge  of  the  hole 
along  a  radial  line  perpendicular  to  the  direction  of  the  applied  load.  The  fretting 
will  be  a  maximum  in  the  region  of  the  perimeter  close  to  the  root  of  the  crack.  For 
short  cracks  radial  forces  in  this  region  tend  to  close  the  crack  and  shear  forces  to 
open  it^.  If  the  total  load  is  kept  constant,  then  some  of  these  beneficial  radial 
forces  will  be  replaced  by  shear  forces  when  fretting  is  present.  A  larger  crack  tip 
opening  will  result,  which  implies  an  increase  in  the  stress  intensity  factor  and  hence 
an  increase  in  fatigue  growth-rate  with  a  consequent  decrease  in  lifetime.  It  is  there¬ 
fore  important  that  the  effects  of  shear  forces  be  included  in  assessments  of  structural 
reliability. 

In  section  2  of  this  paper,  the  stress  intensity  factor  is  first  evaluated  for  a 
crack  at  the  edge  of  a  hole  subjected  to  a  given  radial  pressure  when  there  is  no  friction 
between  the  pin  and  the  edge  of  the  hols,  then  the  factor  is  evaluated  if  friction  is 
present.  The  models  chosen  for  the  radial  force  distribution  and  the  variation  of  friction 
around  the  hole  are  baaed  on  the  experimental  evidence  of  'fretting  fatigue'  experiments 
by  Edwards^  and  Moon'*.  It  is  shown  that  the  transfer  of  some  of  the  load  from  the  pin  to 
the  edge  of  the  hole  by  shear  forces  increases  K  and  the  resulting  increase  in  crack 
growth-rates  is  evaluated  in  section  3. 

Only  the  opening-mode  stress  intensity  factor  Kj  is  evaluated  and  used  in  the 
calculation  of  the  growth-rates  of  fatigue  cracks.  Since  the  slldlng-mode  factor  K^i 
will  be  much  less  than  Xj  and  the  law  governing  crack  growth  under  mixed  mode  condi¬ 
tions  is  not  known. 
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ANALYSIS 


In  this  section  a  cracked  pin-loaded  lug  is  modelled  by  a  sheet  containing  a 
^  ^  circular  hole  of  radius  R  with  a  distribution  of  load  acting  on  the  perimeter  of  the 

hole;  in  r,  9  coordinates,  the  crack  of  length  I  lies  along  9=0  (see  Fig  1). 

If  there  is  no  friction  between  the  pin  and  the  edge  of  the  hole  the  load  P  will  be 
transmitted  from  the  pin  to  the  sheet  by  radial  forces  only;  these  are  represented  by  a 
normal  stress  (pressure)  distribution  around  r  =  R  .  If  there  is  friction,  then  the 
load  will  be  transmitted  by  a  combination  of  radial  and  tangential  forces;  these  are 
represented  by  a  normal  stress  and  a  shear  stress  distribution  acting  around  r  =  R  . 

At  any  given  point  on  the  perimeter  the  shear  force  is  proportional  to  the  radial  force; 
the  constant  of  proportionality  is  the  coefficient  of  friction  which  will  be  a  function 
of  position. 

The  above  model  does  not  include  effects  resulting  from  the  remote  stress  required 
for  equilibrium  which  acts  in  the  opposite  direction  to  P  or  those  due  to  the  presence 
of  the  lug  edges.  These  effects  can  be  included  by  a  combination  of  superposition  and  the 
use  of  the  compounding  technique  developed  by  Rooke^  for  evaluating  the  stress  intensity 
factor  for  a  crack  at  the  edge  of  a  loaded  hole  in  the  presence  of  boundaries. 

2.1  Load  transfer  by  normal  and  shear  forces 

Consider  the  configuration  given  in  Fig  1  with  a  pressure  distribution  p(6)  given 
by 

p{8)  =  Pq  cos  6, 

which  acts  on  the  perimeter  of  the  hole.  This  distribution  has  been  shown**  to  be  a  good 
representation  of  the  load  for  some  lug  configurations  in  the  absence  of  friction.  The 
force  per  unit  thickness  acting  in  a  direction  perpendicular  to  the  crackline  on  an  arc 
of  the  perimeter  between  6  and  B  +  dg  is  p(B)  cos  6  RdB  ;  therefore  the  total  force 
per  unit  thickness  Pg  ,  acting  in  that  direction  is  given  by 

i'/2 

Pg  =  R  /  Pq  dB  =  Rpg  .  (2) 

-^72 

If  there  is  friction  between  the  pin  and  the  edge  of  the  hole,  then  shear  stresses 
will  act  on  the  perimeter;  they  are  given  by 

•t(B)  =  yp(B)  (3) 

where  u  is  the  coefficient  of  friction  and  p(B)  is  the  distribution  of  pressure.  In 
general  u  will  be  a  function  of  position  round  the  hole.  Edwards^  has  shown  that  the 
coefficient  of  friction  Increases  with  the  amount  of  slip  under  fretting  conditions; 
thus  y  will  be  a  maximum  at  B  =  i”  '2  and  zero  at  B  =  0  .  The  distribution  of 
pressure  p(B)  will  be  modified  from  that  given  by  equation  (1).  The  shear  stress 
t(B)  changes  direction  (and  hence  sign)  at  B  =  0  ;  it  acts  in  a  counter-clockwise 
direction  for  0  <  6  <  it/2  and  clockwise  for  -w/2  <  B  <  0  . 

The  force  perpendicular  to  the  crackline  acting  on  an  arc  of  the  perimeter  of  length 
RdB  is  given  by  lp(B)  cos  B  +  t(6)  sin  B]  RdB  therefore  the  total  force  Pj  is  after 
substitution  of  equation  (3) ,  given  by 

"/2 

P^  =  R  f  p(B)(cos  B  +  y  sin  B)dB  .  (4) 

-J/2 

In  order  to  evaluate  Pij  both  p(6)  and  y  must  be  known  as  functions  of  B  .  It  is 
assumed  that  the  angular  dependence  of  the  pressure  is  the  saune  as  that  given  in 
equation  (1)  but  the  amplitude  is  reduced,  that  is 

P(8)  “  Pp  cos  6  ,  (5) 

where  Pq  •  assumed  that  the  coefficient  of  friction  is  given  by 

y  “ 

which  satisfies  the  conditions  given  above  when  y^p  Is  a  positive  constant. 

Substitution  of  equations  (9)  and  (6)  Into  equation  (4)  and  Integrating  leads  to 


(7) 


since  the  total  load  transmitted  from  the  pin  to  the  sheet  will  be  the  same  with  or 
without  friction,  it  follows  that  =  Pq  .  Thus  from  equations  (2)  and  (7), 


Po 


3w 

BiT  +  4^ 
m 


(8) 


Edwards^  has  shown  that  may  .  be  as  large  as  unity,  and  two  values  Um  =  0*5  and  1.0 

will  be  considered  in  this  paper.  From  equation  (8)  it  follows  that  Pp  =  0.825pQ  for 
y  =  0.5  and  pp  =  0.702pQ  for  y  =  1.0  .  Since  from  equation  (2)  the  load  transmitted 
by  the  normal  forces  due  to  the  pressure  is  proportional  to  the  amplitude  of  the  pressure, 
it  follows  that  the  proportion  of  the  load  transmitted  by  the  shear  forces  (Pg  say)  is 
given  by 


P 

P 


0 


(9) 


That  is,  17.5%  of  the  load  is  transmitted  by  shear  if  =  0.5  ,  and  29.8%  if  Ug,  =  1,0  . 
Moon**  has  measured  the  radial  strains  next  to  the  hole  at  6  =  0  and  shown  that  after 
many  fretting  cycles,  reductions  of  ~30Z  occurred  in  the  strain,  which  Implies  a  similar 
reduction  in  the  normal  stress  and  hence  in  the  load  transmitted  by  that  stress. 

By  combining  equations  (3) ,  (5) ,  (6)  and  (8)  the  shear  stress  is  given  by 


=  “mPofirl^)  e  cos  6  .  (10) 

'  m/ 


This  is  plotted  in  Fig  2  for  y^,  =  0.5  and  1,0  .  The  pressure 


P<®>  =  Po(jir  I" AuJ  °°°  ^ 

is  also  plotted  for  y^^^  =  0,0,  0.5  and  1.0  . 

2.2  Stress  intensity  factors 

The  stress  intensity  factors  for  a  craclc  at  the  edge  of  a  hole  can  be  obtained  from 
the  stress  distributions  around  the  perimeter  by  using  the  Green's  function  technique 
developed  in  Ref  3,  In  general  the  opening-mode  stress  intensity  factors  are  of  the  form 

k"  =  k"  +  oKj  and  k|  =  Kj  +  aK|  ,  (12) 

where  the  superscripts  n  and  s  denote  normal  stresses  and  shear  stresses  respectively, 
and  a  is  a  function  of  Poisson's  ratio.  If  the  normal  stress  distribution  p''(^)  on 
the  perimeter  is  given  by 

p"(*)  »  Poh"(^)  ,  (13) 


where  ip  is  the  angle  measured  counter-clockwise  from  the  crackline,  and  the  shear  stress 
distribution  p®(^)  is  given  by 


?“(♦)  -  Poh"(^) 


then  k”  and  K®  (1  •  1,2)  are  given*  by 

N 

«1  “  *pS-^^  Z 

n5i 

and 

kJ  -  ip;/^n  h"(»^)G^(*^)4*, 


(14) 


(15) 


(16) 


The  Green's  functions  G^(^g,)  and  G^(4in>  tabulated  in  Ref  3  for  fixed  values  of 

#g,  at  intervals  (measured  in  radians) . 


The  stress  distributions  to  be  used  In  equations  <15)  and  (16)  are  those  given  In 
the  previous  section;  that  Is 


p"(*)  =  p(6)  and  p®(^)  =  t(6)  , 


B  -  7  ♦  . 


The  functions  h”(*)  and  h®(^)  are  thus  given  by 


h  (♦)  =  cos  B  =  sin  ♦ 


h  (♦)  =  sin  B  cos  B  =  sin  i)  cos  (i 


Since  h''(4i)  Is  syimnetrlc  about  ^  =  ii/2  and  G2(^)  Is  antisymmetric^.  It  follows  that 
k5  Is  zero;  and  since  h®(<i)  Is  antisymmetric  about  ♦  =  it/2  and  Is  symmetric 


It  follows  that  k|  Is  also  zero.  Therefore 


M 

=  1  (3— ^^uJPo’^  Y  ^l<*m>"»m 

m=l 

N 

•'l  =  -f  (31.  +’'4mJpo’^  Y  *">  • 


Equations  (20)  and  (21)  together  with  the  tabulated^  values  of  G]^(^„,)  and  Gj(4in,) 
have  been  used  to  evaluate  Kj  and  K®  for  various  crack  lengths.  Curves  of  the 
opening-mode  stress  Intensity  factor  K,  (=  +  K®)  are  shown  In  Fig  3  for  =  0.0, 

0.5  and  1.0;  also  shown  separately  are  the  normal  and  shear  contributions  kJ  and  Kf 
for  Mm  =  0.5  and  1.0,  it  Is  seen  from  Fig  3  that  although  the  presence  of  friction 
reduces  the  stress  Intensity  factor  arising  from  the  normal  stresses,  the  factor  arising 
from  the  shear  stresses  more  than  compensates  and  the  total  Kj  Increases  as 
Increases. 

At  the  shortest  crack  lengths,  Kj  is  increased  by  a  maximum  of  26!5  for  m,[,  =  1.0 
and  by  151  for  Pn,  “  .  The  Increase  is  shown  as  a  function  of  crack  length  in  Fig  4 

where  Ki/Ki(0)  va,  1/R  is  plotted;  Kj(0)  is  the  stress  intensity  factor  in  the 
absence  of  friction.  Also  plotted  are  the  ratios  k5/Ki(0)  and  Kj/Kj(0)  .  It  is  seen, 
for  Pm  =  1.0  ,  that  at  the  shortest  cracks  Kj  is  reduced  to  ~70Z  of  the  original  Kj 
without  friction,  but  k|  is  ~55%  of  the  original  Kj  .  The  reduction  in  is  less 

for  smaller  values  of  p„  and  K®  Is  smaller. 


3  FATIGUE  CRACK  GROWTH 

The  increase  in  the  stress  intensity  factor,  calculated  In  the  previous  section, 
implies  that  fatigue  cracks  will  grow  faster  if  shear  forces  are  present  at  the  edge  of 
the  hole.  The  magnitude  of  the  Increase  in  growth  rate  can  be  deduced  by  considering  a 
simple  crack  growth  law  such  as  that  suggested  by  Parls^.  He  postulated  that  the  growth 
of  the  crack  per  cycle  of  stress  (dl/dN)  was  proportional  to  the  stress  Intensity 
factor  raised  to  a  power  p  ,  that  is, 

“  kP  ;  (22 


for  many  materials  p  Is  In  the  range  2  to  4  . 

If  (dl/dN) p  is  the  growth  rate  in  the  presence  of  frictional  shear  forces,  and 
(d)l/dN)Q  the  rate  in  the  absence  of  friction,  then  it  follows  from  equation  (22)  that 


(dt/dN) 

(di/dt4>Q 


The  ratio  of  stress  intensity  factors,  in  the  above  equation,  was  obtained  in  the  previous 
section,  hence  the  Increase  in  crack  growth  rate  can  be  determined.  Plots  of 
(dt/dN) u/(di/dN) 0  are  shown  as  a  function  of  t/R  in  Fig  5  for  p  -  2,  3  and  4  and 
Pm  •  0.5  and  1.0. 

It  can  be  seen  from  Fig  5  that  the  presence  of  frictional  forces  causes  significant 
Increases  in  crack  growth  rates,  particularly  at  short  crack  lengths.  The  magnitude  of 
the  increases  depends  on  both  the  friction  constant  and  the  po%rer  p  in  the  crack  growth 
law.  The  biggest  effects  occur  at  the  largest  values  of  both  Pm  and  p  ;  for  instance. 


for  u™  =  1.0  and  p  =  4  ,  the  crack  grows  more  than  twice  as  fast  for  l/R  <0.4  . 
These  large  Increases  in  crack  rate  mean  that  the  lifetime  of  a  cracked  structure  will 
be  substantially  reduced;  for  example,  if  the  crack  rate  for  short  cracks  is  doubled, 
then  the  lifetime  will  be  approximately  halved  since  the  crack  is  short  during  most  of 
the  lifetime. 


4  DISCUSSION 


In  order  to  illustrate  the  effects  of  frictional  forces  on  the  fatigue  lifetime  of 
a  cracked  pin-loaded  lug,  simple  models  were  chosen  to  represent  the  radial  load  distri¬ 
bution  and  the  variation  of  the  coefficient  of  friction  around  the  hole.  For  some  pin- 
loaded  lugs  other  distributions  of  radial  load  may  be  more  appropriate"*  and  the  variation 
of  the  coefficient  of  friction  will  probably  need  modification  when  experimental  evidence 
becomes  available.  Nevertheless,  the  essential  feature  remains  the  presence  of 
frictional  shear  forces  near  the  root  of  the  crack  increases  the  crack  opening  thereby 
increasing  the  stress  intensity  factor  and  hence  reducing  the  lifetime  in  fatigue. 

It  was  assumed  in  section  2.1  that  the  transfer  of  some  load  by  shear  stresses 
reduced  the  magnitude  of  the  load  transferred  by  normal  stresses  (pressure)  but  not  its 
distribution.  This  assumption  also  may  require  modification  in  the  light  of  experimental 
evidence.  In  practice  the  transfer  of  load  by  friction  with  a  coefficient  that  varies 
with  position  will  probably  lead  to  a  change  in  the  distribution  in  the  normal  stress 
subject  to  the  condition  of  constant  total  load  as  defined  by  equation  (4).  Changing  the 
distribution  of  normal  stress  will  change  the  contribution  to  the  stress  intensity  factor 
in  a  more  complex  way'’^  than  the  simple  scaling  factor  assumed  above.  Various  assumptions 
regarding  both  the  distribution  of  pressure  round  the  hole  and  the  distribution  of  the 
coefficient  of  friction  can  be  examined  theoretically  using  the  same  Green's  function 
approach  as  in  this  paper. 

Large  increases  in  the  value  of  the  crack  growth  rate,  due  to  fretting,  have  been 
measured**  for  some  lugs.  The  magnitude  of  the  measured  Increases  is  similar  to  that  shown 
in  Fig  *;,  but  rises  more  rapidly  at  very  short  cracks.  This  suggests  that  the  shear 
forces  between  the  pin  and  the  edge  of  the  hole  may  be  larger  than  assumed  in  this  paper. 

A  model  in  which  the  coefficient  of  friction  u  varied  more  slowly  than  | sin  B I  in  the 
region  of  6  =  ±it/2  would  give  larger  shear  stresses  and  hence  larger  stress  intensity 
factors  leading  to  increased  growth  rates. 

Only  the  opening-mode  stress  intensity  factor  Kj  has  been  considered  in  this  paper. 
The  sliding-mode  Kjj  can  be  evaluated  using  similar  techniques^;  however  insufficient  is 
known  about  crac)c  growth  in  the  presence  of  mixed  modes  for  the  effects  of  Kji  to  be 
included  in  lifetime  calculations.  These  effects  would,  in  this  case,  be  small  since  for 
the  configuration  studied  Kji  <  Kj  for  all  crack  lengths. 

5  CONCLUSIONS 

When  fretting  occurs  in  a  pin-loaded  lug,  some  load  will  be  transmitted,  due  to 
friction,  by  shear  forces  from  the  pin  to  the  perimeter  of  the  hole;  the  presence  of 
these  shear  forces  will  cause  an  Increase  in  the  stress  intensity  factor  of  a  crack  at 
the  edge  of  the  hole.  This  Increase  which  is  most  significant  at  short  cracks,  leads  to 
a  substantial  reduction  in  fatigue  lifetime.  The  magnitude  of  these  effects  depends 
strongly  on  the  actual  distribution  of  loads  around  the  hole  and  the  coefficient  of 
friction  between  the  pin  and  the  lug. 
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SUMMARY 

An  application  of  linear  elastic  fracture  mechanics  to  3-dimensional  crack  growth  prediction  was  develop¬ 
ed  in  two  phases.  In  the  first  phase  finite  element  techniques  for  accurate  stress  Intensity  calculation  were 
evaluated.  In  the  second  phase,  treated  in  the  underlying  paper,  corner  flaw  growth  during  constant-amplitude 
fatigue  testing  was  studied.  A  lifetime  prediction  algorithm  was  developed  based  on  investigated  crack  beha¬ 
viour  as  a  function  of  calculated  instantaneous  stress  intensity  distribution  along  the  crack  boundary. 
Finally,  as  an  example  lifetime  predictions  are  given.  Comparison  of  such  results  with  other  data,  both  from 
experiments  and  from  the  literature  showed  very  acceptable  agreement. 


1.  INTRODUCTION 

Cracks  emanating  from  holes  in  aircraft  structural  components  mostly  start  at  the  intersection  of  a 
surface  and  a  bore  wail.  Cracks  of  this  type  develop  both  in  size  and  shape  under  fatigue  load.  It  is  stated 
that  during  a  considerable  part  of  its  total  fatigue  lifetime,  the  crack  is  small  with  respect  to  the  local 
thickness  of  the  plate  or  structural  component.  In  the  present  paper  corner  cracks  are  considered  with  sizes 
between  0. I  and  I.O  times  the  local  thickness.  The  cracked  structure  is  treated  as  a  three-dimensional  configu¬ 
ration  with  plane  cracks.  The  cracks  have  curved  boundaries  and  the  shape  of  the  boundary  is  described  by  more 
than  two  free  parameters  essentially. 

The  characteristics  of  the  stress  intensity  (K-)  distributions  of  such  cracks  are  studied  using  the 
Finite  Element  technique  (1,2)  or,  if  available,  data  from  the  literature  (3, A). 

Concerning  crack  growth  prediction,  and  using  Paris'  law  application,  the  variation  in  local  K-values 
causes  various  local  crack  growth  velocities  and,  consequently,  the  crack  size  and  shape  changes  during  its 
growth.  It  appeared  that  K-di stri but  ions  change  Instantly  by  crack  shape  variation.  An  algorithm  is  develop¬ 
ed  making  allowance  for  the  change  in  K-d i st r ibution  during  each  crack  growth  prediction  step. 

2.  THE  AK-CRACKGROWTH  RELATIONSHIP  FOR  CONSTANT- AMPLITUDE  LOADS 

For  considered  low  constant  Amplitude  loads  Linear  Elastic  Fracture  Mechanics  can  be  applied,  using  the 
stress  intensity  amplitude  AK  as  a  calibrated  measure  for  crack  growth  velocity  da/dN.  The  influence  of  crack 
tip  plasticity  effects  is  incorporated  in  the  calibration  data  obtained  using  the  same  stress  amplitude  ratio 
R  «  omax/omin. 

Also  for  short  crackst  described  in  3-di  available  or  obtained  calibration  data  app’sared  to  be  valid 
however,  within  restrictions,  as  mentioned  by  Schijve  (5)  and  Hodulac  (6). 

Calibration  tests  have  to  be  performed  using  thick-walled  specimens  with  a  central  crack  and  crack  fronts 
having  a  slight  curvature  (no  shear  lips). 

In  general,  a  proper  regression  to  a  number  of  In  da/dN  -  InAK  data  is  not  adequately  described  by  a 
single  straight  line  (Fig.1).  However,  for  prediction  application  one  may  consider  the  regression  line  sec¬ 
tioned  into  parts  with  constant  gradients.  So,  within  such  parts  an  equation  like  Paris/law  can  be  applied 
easily  for  purposes  of  numerical  integration  of  life  time  during  incremented  steps  in  crack  size. 


3.  CALCULATION  OF  LOCAL  AK-VALUES  ON  THE  BOUDNOARY  OF  A  PLANE  CRACK 


It  is  very  essential  for  proper  lifetime  prediction  that  instantaneous  K-di stri but  ions  along  subsequent 
crack  boundaries  can  be  derived  with  high  accuracy.  In  practice,  K  is  calculated  on  a  discrete  nunber  of  nodes 
of  each  subsequent  (incremental)  crack  front  variant.  For  simple  configurations  with  a  crack,  the  K-values 
on  quarter  elliptical  boundaries  can  be  derived  from  data  published  (3>A).  Data  are  available  for  a  few  dis¬ 
crete  values  of  plate  thickness,  bore  diameter,  and  crack  size  parameters.  The  K-distribut ion  is  given  for 
a  number  of  discrete  points  at  such  boundaries  (figure  2).  K-values  for  arbitrary  parameters  are  derived  by 
linear  interpolation.  Accuracies  obtained  are  within  2-A%. 

For  arbitrary  configurations  and,  or  arbitrary  crack  shapes,  no  "databank"  is  available.  K-values  then 
have  to  analysed  by  e.g.  the  finite  element  technique. 

Special  techniques  are  developed  for  application  to  Fracture  Mechanics  purposes,  name!,  the  use  of  crack 


tip  elements  and  the  application  of  virtual  crack  extensions. 

Special  crack  tip  elements  can  be  used,  or  if  possible,  crack  tip  situated  elements  can  be  deformed 
quarter  node  positioning)  so  that  a  local  strain  field  singurarity  is  obtained  at  the  crack  boundary. 

The  virtual  crack  extension  method  (7)  can  be  applied  to  accurate  energy  release  rate  calculations. 
Several  crack  front  virtual  variants  can  be  treated  within  only  one  solution. 


Lokal  KTval^s  are  found  using  the  equation; 


(by 


for  plane  strain,  in  which 


«V,  -  (u’’  I  «S,  }  u)/2 


(2) 


Here,  jS.  is  the  so-called  stiffness  derivative  calculated  for  each  local  virtual  variations  5a.  of  the 
crack  boundary. 

K-vsIuet  at  local  positions  can  also  be  derived  using  the  known  relationship  between  K  and  the  local 
Crack  Opening  Displacement  (C.O.D.)  value.  This  method  appeared  to  be  somewhat  less  accurate  for  coarse 
meshes,  as  applied  for  the  3'd  configurations. 

(AK  values  are  in  the  same  proportion  to  K-values  as  the  applied  remote  stress  amplitude  Is  to  a  remote 
constant  load  of  the  finite  element  model). 


4.  THE  MECHANISM  OF  THE  BOUNDARY  SIZE  AND  SHAPE  DEVELOPMENT 


Calculated  AK-valucs  of  discrete  points  at  one  instantaneous  crack  front  may  differ  considerably. 
Therefore,  because  of  the  assumed  relationship  between  the  local  AK-value  and  local  crack  growth  velocity, 
the  crack  shape  may  change  rapidly  during  crack  growth.  However,  cracks  in  practice  show  rather  stable 
crack  shape  development.  It  is  shown  (Fig. 11)  that  crack  shapes  reproduce  very  well  if  no  conditions  that 
may  cause  local  delay  are  present 

The  stability  of  crack  shapes  may  be  explained  as  follows.  The  occurrence  of  local  deviations  from  the 
stable  crack  shape  causes  a  re-dl stribution  of  AK,  resulting  in  a  shape  correction  towards  the  stable  one. 
This  is  depicted  in  figure  3*  showing  the  effect  of  local  crack  shape  exceedance  on  AK-d i str i but  ions. 

During  crack  growth  the  local  stress  intensity  (AK.),  as  a  function  of  a  local  crack  size  parameter 
(a.)  can  be  described  along  a  "path"  intersecting  subsequent  crack  boundaries  perpendicularly  (figure  4). 
Th4se  AK.  (a. )-functions,  however  appear  to  be  interdependent.  The  rule  of  crack  growth  towards  stable 
shapes  effects  a  shallower  increase  of  relatively  higher  AK. -values  and  a  steeper  increase  of  the  relative¬ 
ly  lower  ones.  AK-values  tend  to  converge  towards  a  narrow  tand  on  the  AK(a)  diagram  (figure  5) •  The  rules 
mentioned  above  are  successfully  applied  in  a  prediction  algorithm  which  reckons  with  effects  of  shape  de¬ 
velopment  , 


3.  A  PREDICTION  ALGORITHM  BASED  ON  PREVIOUSLY  DESCRIBED  CRACK  GROWTH  BEHAVIOUR 

5.1  Numerical  integration  of  lifetime  steps 

For  accurate  prediction  of  crack  behaviour  the  change  of  local  AK-values  during  a  prediction  step  has 
to  be  taken  into  account.  So,  a  set  of  local  AK.  (a. )-f unctions  have  to  be  estimated  in  accordance  with 
crack  growth  behaviour  as  described  before.  A  global  AK(a)-function  is  estimated  as: 

AK(a)  -  AK(aQ;  /a  /  (3) 

for  a  node  being  positioned  centrally  at  the  crack  front  (i.e.  node  2  of  figure  4).  The  gradients  of  other 
AK.(d.)  -  functions  are  estimated  towards  an  assumed  point  of  convergence  in  the  AK(a) -d iagram  (figure  6). 
Lifetime  increments  "iN  are  related  to  constant  finite  cracksize  increments  6a  by: 

6N.j  =  6a  (C  AK"  (a.^)  )  ''  (4) 

where  C  and  n  are  the  Paris'  law  constants  derived  from  calibration,  and  AK(a..)  is  the  local  6K-value  at 
node  1  after  the  j  th  cracksize  increment  6a  and  '■* 

^ij  ^  ^io 

Local  crack  extension  values  da.  are  obtained  by  numerical  integration  of  equation  k  until  a  certain  value 
dN:  ' 

k 

dN.  -jt,  6N.J  *  dN  (6) 

and  simultaneously,  along  the  local  "path”  (figure  7)'- 

®ij  °  ®io  ^ 

unti I :  da.  »  a. ,  -  a.  (7a) 

I  I  k  10 

Crack  size  increments  6a  are  taken  very  small  (a  .10  ^).  The  value  of  the  counter  K  will  in  general  be 
different  for  each  node  i  after  dN  cycles.  ° 

It  is  noticed  that  da. -values  are  calculated  for  internal  nodes  only.  The  prediction  of  crack  growth 
velocity  for  crack  front  intersections  at  free  surfaces  is  avoided. 

Experience  showed  that  the  3d-re1ation  between  derived  AK  and  da/dN  is  not  valid  in  a  narrow  zone  along 
free  surfaces  (see  also  ref. 6).  For  relatively  low  stress  maxima  however,  the  3-d  crackgrowth  behaviour  ap¬ 
peared  to  be  dominant  with  respect  to  crack  shape  development  control. 

5.2  Stepwise  verification  of  the  predicted  growth 

A  verification  of  AK-values  is  needed  for  the  predicted  new  curve.  If  discrepancies  between  local 
verified  values  and  estimated  values  are  within  an  accepted  range  (e.g.5%),  the  prediction  can  be  continued 
starting  from  the  new  boundary.  Otherwise,  shorter  incremental  steps  have  to  be  defined;this  is  not  a  real 
problem  If  a  databank  is  available  for  effective  verifications  of  the  AK. -values. 

If  no  databank  is  available  for  the  configuration  at  hand,  and  a  flAlte  element  calculation  is  needed 
for  stepwise  verification  of  the  K-dlstrlbutlon,  a  better  estimate  of  local  AK.-a|  gradients  is  urgent  .  This 
better  "estimate"  is  obtained  after  a  second  prediction  from  the  original  boundary.  This  second  prediction 
uses  updated  aK| (a|)-gradients  as  Found  after  the  first  verification  (see  line  1-4  on  figures  8,9).  Newly 
verified  AK  values  on  this  second  predicted  curve  are  in  general  not  closer  to  estimated  gradients  (point 
5,  fig.  8,9).  A  very  accurate  AK  gradient  estimate  is  found  now  by  Interpolation  between  two  verified  AK- 
values  and  two  estimated  values  for  corresponding  a,  (crossing  intersection  lines  on  the  AK  (a)  diagram, 
fig.  8,9).  ' 

This  method  necessitates  two  AK  verlficaLion  calculations  per  step,  but  relatively  large  steps  can  be 
made  (up  to  50%  of  the  Instantaneous  crack  size). 


6.  PROGRAMS  FOR  EASY  CRACK  GROWTH  PREOiCTION 

The  availability  of  reliable  and  detailed  stress  Intensity  data  from  Raju  and  Newman's  databank  (3,4) 
was  the  basis  for  some  very  practical  Fortran  routires  fot  quick  lifetime  calculation  of  surface  and  corner 
cracks. The  principles  of  crack  growth  controlled  by  internal  nodes  ware  applied  successfully.  Three 


basic  cracked  configurations  are  i nvol ved ; (f igure  10) 

The  surface  crack; 

Corner  cracks  at  an  unloaded  hole; 

Corner  cracks  at  a  pin-loaded  hole. 

Application  of  a  correction  factor  B  for  finite  width  of  the  plate  by  Bowie 


JL 

2  'O-C^ 


(8) 


is  involved; 


(8) 


where  C  -  7iac/kt 

Also  crack  growth  at  one  side  of  a  hole  can  be  considered,  or  even  unequal  crack  sizes  on  both  sides,  using 
a  correction  factor  CF  supplied  by  Shah  (9): 

CF  -  ^  (D  +  C  +  c')/(D  +  2C)  (9) 

where  C  -  Tiac/2t  and  c'  *  7ia‘'c'/2t  (Fig.  10). 

Calculations  may  be  started  at  any  initial  crack  shape.  During  crack  growth  prediction,  all  initial 
shapes  develop  towards  stable  shapes  that  belong  to  the  specific  configuration  and  load. 

For  applied  pin-loads  at  a  hole,  the  real  load  distribution  in  the  bore  during  crack  growth  is  not 
known  exactly  and,  thus,  predictions  based  on  the  pin  load  databank  are  uncertain.  Application  to  a  lug  con¬ 
figuration  demands  a  correction  on  S.l.  data  for  the  lug  head  shape  instead  of  the  long  strip. 

Correction  of  the  databank  values  for  both  load  distribution  effects  and  shape  effects  may  be  derived 
through  restricted  finite  element  calculations. 


7.  EXAMPLES 

Many  experimental  lifetime  measurement  results  are  "checked"  by  application  of  the  prediction  routine 
described,  A  useful  reliability  test  of  applied  algorithm's  is  supplied  using  surface  crack  testing  data 
and  crack  shape  markings  (Fig. 11)  available  from  former  investigations.  K  data  from  finite  ele¬ 
ment  analysis  and  from  Newman's  databank  agreed  within  2  percent.  Predicted  crack  shapes  agreed  within 
marking  line  thicknesses,  so,  the  program  reproduces  stable  shapes  in  the  right  way. 

The  lifetime  of  the  short  crack  between  crack  initiation  and  the  first  marking  was  caicuiated  as  145  kc 
against  i69  kc  needed  in  the  experiment.  The  iifetime  between  the  first  and  the  last  marking  (almost-thru 
crack)  was  predicted  as  152  kc  against  164  kc  needed  in  the  experiment. 

Examples  of  cornercrack  predictions  at  one  side  and  at  both  sides  of  the  hole  are  shown  in  figures  I2and 
13. (n)  .  Experimental  crack  sizes  and  shapes  shown  some  scattering  (with  respect  to  corresponding  values 

of  the  lifetime).  Predicted  crack  sires  appear  to  lie  reasonably  between  the  extremes.  Also  predicted  shapes 
are  reasonable  however,  in  some  cases  crack  shapes  deviate  from  predicted  elliptic  shapes. 

Available  former  calculated  K-values  for  a  lug  configuration  (10)  were  used  for  the  derivation  of 
correction  factors  for  the  pin-loaded  configuration*,  the  third  configuration  of  figure  9.  Cronological 
mapping  of  predicted  crack  fronts  up  to  25  kc  is  shown  in  figure  14.  The  corresponding  specimen  showed  simi¬ 
lar  crack  sizes  after  18-24  kc. 


8.  CONCLUSIONS 

-The  knowledge  of  instantaneous  AK  distributions  is  indispensable  for  proper  numerical  prediction  of 
crack-size  and  -shape  development.  Reliable  AK-values  can  be  derived  within  3-4^  from  a  databank  or  by  a 
Finite  Element  technique. 

-The  accuracy  of  numerically  predicted  lifetimes  is  highly  dependent  on  the  reliability  of  walibration 
data;  material  and  load  cond i t ion  have  to  be  the  same  for  applied  calibration  tests. 

-Reliable  predictions  of  crack  life  during  constant-amplitude  loading  within  some  restrictions  can  be 
made  within  iO-15?.  This  level  of  accuracy  can  be  seen  as  very  acceptable  for  life-time  prediction  calcul¬ 
ation. 


9.  RECOMMENDATIONS 

Since  the  method  offers  the  possibility  to  predict  using  S.l.  data  at  internal  points  on  the  crack 
boundary,  arbitrary  shapes  can  be  treated  by  using  sufficient  nodes.  Predictions  using  K-data  on  the  surface 
points,  and  B'd  calibration  supplied  wrong  results  in  crack  shapes. 
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Fig.  1  Local  approximation  of  crack  growth 
calibration  curve 


— ►  e 

Fig.  3  The  effect  of  local  crack  variation  on  the 
stress  intensity  distribution 


Fig.  k  Definition  of  a  path  length 


Fig.  S  Convergence  of  locel  AK,e-functlonf 


Fig.  to  Pradictlon  program  for  tho  standard 
configurations 
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The  United  States  Air  Force  requires  that  Air  Force  aircraft  be  designed  to  be  durable. 
This  requirement  necessitates  an  analytical  demonstration  that  excessive  cracking 
within  the  airframe  will  not  occur  during  the  aircraft’s  design  service  life.  In  order 
to  predict  the  time  at  which  excessive  cracking  occurs,  an  analysis  is  needed  which  is 
capable  of  predicting  the  distribution  of  crack  sizes  within  the  airframe  at  any  point 
in  time.  Such  an  analysis  was  recently  developed  and  is  presented  in  this  paper.  The 
durability  analysis  is  based  on  a  fracture  mechanics  philosophy,  combining  a  probabilis¬ 
tic  format  with  a  deterministic  crack  growth  rate  relationship.  Essential  elements  of 
the  methodology  are  presented,  with  emphasis  on  the  statistical  representation  of  the 
initial  fatigue  quality  of  the  structure.  The  accuracy  of  the  durability  analysis  is 
demonstrated  by  correlating  analytical  predictions  with  experimental  results  of 
a  fighter  full-scale  test  article  as  well  as  complex-splice  specimens  subjected  to  a 
bomber  load  spectrum. 


I  INTRODUCTION 

The  United  States  Air  Force  structural  integrity  requirements  for  metallic  air¬ 
frames  are  specified  in  Reference  1.  Of  particular  importance  are  the  damage  tolerance 
(Refs.  2  and  3)  and  durability  (Refs.  3  and  4)  requirements.  The  damage  tolerance 
requirements  ensure  aircraft  safety  while  the  durability  requirements  minimize  structural 
maintenance  costs  and  functional  impairment  problems.  Both  sets  of  requirements  are 
necessary  to  ensure  the  operational  readiness  of  Air  Force  aircraft. 

This  paper  addresses  the  durability  aspects  of  structural  integrity..  The  durability 
damage  mode  considered  is  fatigue  cracking  in  fastener  holes.  This  was  found  to  be  a 
very  prevalent  form  of  degradation  in  aircraft  structures  (Ref.  5).  Aircraft  structural 
durability  involves  many  fastener  holes  in  various  components  which  are  susceptible  to 
cracking  in  service.  The  associated  structural  maintenance  costs  are  proportional  to 
the  number  of  fastener  holes  requiring  repair.  Therefore,  to  assess  the  durability  of 
the  structure  or  the  extent  of  damage  as  a  function  of  time,  the  entire  population  of 
fastener  holes  must  be  considered.  Thus,  a  statistical  approach  is  best  suited  for 
quantifying  the  extent  of  damage  as  a  function  of  time. 

Various  aspects  of  structural  durability  have  been  considered  in  the  literature 
(Refs.  6-27).  Structural  durability  can  be  defined  in  many  different  ways.  The  most 
appropriate  definition  is  dependent  on  the  particular  aircraft  considered.  The  crack 
sizes  of  Interest  are  a  function  of  the  definition  used.  This  paper  considers  relatively 
small  subcrltlcal  crack  sizes  which  often  affect  durability.  For  example,  0.76  mm  - 
1.27  mm  (0.03  inch  -  0.05  inch)  radial  cracks  in  fastener  holes  can  affect  functional 
impairment,  structural  maintenance  requirements,  and  life-cycle  costs.  Such  cracks  do 
not  pose  an  limnedlate  safety  problem.-  However,  if  the  fastener  holes  containing  such 
cracks  are  not  repaired,  economical  repairs  cannot  be  made  when  these  cracks  exceed  a 
limiting  crack  size.  For  example,  a  0.76  mm  -  1.27  mm  radial  crack  in  a  fastener  hole 
can  t>e  cleaned  up  by  reaming  the  hole  to  the  next  nominal  hole  size.  When  the  crack 
sizes  exceed  this  economical  repair  limit,  excessive  maintenance  and  repair  costa  can 
occur.  Hence,  an  analysis  is  needed  for  predicting  the  extent  of  damage  present  at  any 
particular  point  in  time.  Such  an  analysis  was  recently  developed  (Refs.  11-16  and 
18-27)  and  evaluated  for  load  transfer  coui^n  specimens  (Refs.  11,  12,  IS,  21,  22,  and  27). 


This  paper  presents  the  recently  developed  durability  analysis  methodology.  The 
methodology  is  based  on  a  probabilistic  fracture  mechanics  approach.  The  initial 
jo  fatigue  quality  of  a  structure  is  represented  in  a  statistical  manner  by  a  distribution 
of  equivalent  initial  flaw  sizes.  These  equivalent  initial  flaw  sizes  are  grown 
forward  in  time  using  a  deterministic  crack  growth  rate  relationship.  An  evaluation  is 
made  of  the  accuracy  of  the  analysis  by  correlating  analytical  predictions  with  test 
data  for  a  fighter  full-scale  test  article  (Refs.  21  and  22)  and  complex  splice  speci¬ 
mens  subjected  to  a  bomber  load  spectrum  (Ref.  27) . 

II  DURABILITY  DESIGN  REQUIREMENTS 

Air  Force  durability  design  requirements  for  metallic  airframes  are  presented  in 
References  1,  3  and  4.  According  to  these  requirements,  the  airframe  must  be  designed 
to  have  an  economic  life  greater  than  the  design  service  life.  Furthermore,  the 
economic  life  must  be  demonstrated  by  analysis  and  test.  The  economic  life  analysis 
must  account  for  the  effects  of  initial  quality  variations,  material  property  vari¬ 
ations  and  the  design  loads/environments. 

The  economic  life  of  a  structure  is  currently  defined  in  only  qualitative  terms: 
"...  the  occurrence  of  widespread  damage  which  is  uneconomical  to  repair  and,  if  not 
repaired,  could  cause  functional  problems  affecting  operational  readiness"  (Ref.  1). 
There  is  no  universal  quantitative  definition  of  "widespread  damage"  or  acceptable 
structural  maintenance  cost  limits.  Such  limits  are  currently  determined  by  the 
contractor  and  the  Air  Force  for  the  particular  aircraft  of  interest.  Durability 
compliance  standards  are  defined  based  on  the  results  of  the  full-scale  durability  test 
article. 

III  DURABILITY  ANALYSIS  CRITERIA 

A.  Durability  Critical  Parts  Criteria 

Criteria  must  be  developed  for  determining  which  parts  of  an  aircraft  are 
durability  critical  (i.e.,  which  parts  must  be  designed  to  meet  the  durability  design 
requirements).  The  durability  critical  parts  criteria  vary  from  aircraft  to  aircraft. 
They  are  especially  dependent  on  the  definition  of  economic  life  for  the  particular 
aircraft  involved.  A  more  detailed  discussion  of  the  durability  critical  parts  criteria 
is  presented  elsewhere  (Ref.  12).  A  typical  flow  diagram  for  selecting  which  parts  are 
durability  critical  is  presented  in  Fig.  1.  In  Fig,  1,  durability  refers  to  the 
ability  of  an  airframe  to  resist  cracking  whereas  damage  tolerance  refers  to  the 
ability  of  an  airframe  to  resist  failure  due  to  the  presence  of  such  cracks. 


Figure  1  -  Flow  diagram  for  selecting  durability  critical  parts 
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B.  Economic  Life  Criteria 

Criteria  must  be  developed  for  determining  the  economic  life  of  the  particular 
aircraft  of  interest.  Similar  to  the  durability  critical  parts  criteria,  economic  life 
criteria  vary  from  aircraft  to  aircraft.  They  may  be  based  on  fastener  hole  repair 
(e.g.,  reaming  the  deunaged  fastener  hole  to  the  next  nominal  hole  size),  functional 
impairment  (e.g.,  fuel  leakage),  residual  strength,  etc.  Two  promising  analytical 
formats  for  quantifying  the  economic  life  of  an  airframe  are  (1)  the  probability  of 
crack  exceedance,  and  (2)  cost  ratio:  repair  cost/replacement  cost.  Both  formats 
require  a  durability  analysis  methodology  capable  of  quantifying  the  extent  of  aircraft 
structural  damage  as  a  function  of  service  time.  For  example,  assume  the  economic  life 
criteria  are  based  on  the  number  of  fastener  holes  which  cannot  be  economically  repaired 
(i.e.,  number  of  fastener  holes  with  crack  sizes  equal  to  or  greater  than  specified 
size  Xj^)  .  Then  an  analytical  format  for  quantifying  economic  life  is  presented  in  Fig. 
2.  In  Fig.  2,  P  is  the  exceedance  probability.  More  detailed  discussions  of  economic 
life  criteria  are  presented  elsewhere  (Refs.  11,  12,  15,  and  18). 


Figure  2  -  Analytical  format  for  economic  life 


IV  DURABILITY  ANALYSIS  METHODOLOGY 
A.  General  Description 

The  basic  objective  of  the  durability  analysis  methodology  is  to  quantify  the 
extent  of  damage  as  a  function  of  service  time  for  a  given  aircraft.  The  extent  of 
damage  is  measured  by  the  number  of  structural  details  (e.g.,  fastener  holes,  cut-outs, 
fillets,  lugs,  etc.)  expected  to  have  a  crack  size  greater  than  a  specified  size  at  a 
given  service  time.  Hence,  the  extent  of  damage  is  represented  by  the  probability  of 
crack  exceedance.  The  durability  analysis  results  provide  a  quantitative  description 
of  the  extent  of  damage  and  a  basis  for  analytically  assuring  that  the  economic  life  of 
the  structure  will  exceed  the  design  service  life. 

The  durability  analysis  includes  two  essential  steps:  (1)  the  quantification 
of  the  Initial  fatigue  quality  of  the  structural  details  considered,  and  (2)  the 
prediction  of  the  probability  of  crack  exceedance  based  on  the  initial  fatigue  quality 
and  the  applicable  design  conditions  (e.g.,  load  spectrum,  stress  levels,  percent  load 
transfer,  etc.). 


B.  Initial  Fatigue  Quality 

1.  Initial  Fatigue  Quality  Description 

Initial  fatigue  quality  (IFQ)  defines  the  initial  manufactured  state  of 
a  structural  detail  or  details  with  respect  to  initial  flaws  in  a  part,  component  or 
airframe  prior  to  service.  The  IFQ  for  a  group  of  replicate  details  is  represented  by 
an  equivalent  initial  flaw  size  (EIFS)  distribution.  An  equivalent  initial  flaw  is  a 
hypothetical  crack  assumed  to  exist  in  a  detail  prior  to  service.  An  equivalent 
initial  flaw  size  is  the  initial  size  of  a  hypothetical  crack  which  would  result  in  an 
actual  crack  size  at  an  actual  point  in  time.  An  arbitrary  crack  size,  a.,  is  selected 
which  can  be  readily  detected  or  which  can  be  reliably  observed  fractographically 
following  testing.  The  time  required  for  an  initial  defect,  of  whatever  type,  to 
become  a  fatigue  crack  of  size  ag  is  defined  as  the  time-to-crack-initiation  (TTCI). 
Test  results  of  TTCI  and  crack  growth  rates  using  coupon  specimens  are  employed  to 
define  the  EIFS  distribution.  A  conceptual  description  of  the  initial  fatigue  quality 
model  is  shown  in  Fig.  3  (Refs.  11,  12,  15,  21).  Once  the  EIFS  distribution  has  been 
defined  for  a  group  of  details,  a  deterministic  crack  growth  analysis  is  used  to  grow 
the  entire  EIFS  population  to  any  service  time  T;thus  determining  the  time-varying  crack 
size  distribution  in  service  (Fig.  4). 


Figure  3  -  Initial  fatigue  quality  model 


2.  Initial  Fatigue  Quality  Model 

A  prototype  Initial  fatigue  quality  (IFQ)  model  has  been  previously 
described  for  quantifying  the  EIFS  distribution  for  structural  details,  such  as  fastener 
holes  (Refs.  11,  IS,  and  16).  Such  a  model  is  conceptually  described  in  Fig.  3.  IFQ 
model  refinements  and  EIFS  distributions  for  two  model  variations  are  sumnarized  in  the 
following. 

The  TTCI  distribution  for  coupon  specimens  is  represented  by  the  three-parameter 
Weibull  distribution,  F^(t)  (Refs.  11,  15  and  16). 

fT(t)  “  P  [T  <  t]  =  1  -  exp  [-(  ^  a--  )  °  ],  t  >  e  (1) 

•*  "0 

where  T  •  TTCI,  cg  •  shape  parameter,  Bg  “  scale  parameter  and  e  >  lower  bound  TTCI. 

The  three  Welbull^pareuneters  (i.e.,  Ogr^Sg,  c)  ote  determined  from  fractography  for 
coupon  specimens  or  other  suitable  test  results. 


The  crack  growth  rate  in  the  small  crack  region  is  assumed  to  be  of  the  following 

form 

=  Qg(a(t)l‘’  (2) 

where  Q.  and  b  are  pareuneters  depending  on  loading  spectra,  structural  and  material 
properties,  etc.;  a(t)  is  the  crack  size  at  time  t.  Other  functional  forms  for  the 
crack  growth  rate  could  also  be  used.  Equation  2  is  used  because  of  its  simplicity  and 
general  applicability  for  matching  the  crack  growth  data.  A  crack  growth  rate  equation, 
such  as  Eq.  2,  is  used  to  obtain  the  EIFS  distribution  through  a  transformation  of  the 
TTCI  distribution;  hence  both  EIFS  and  TTCI  are  statistically  compatible.  EIFS  distri¬ 
butions  are  obtained  using  Eq.  2  for  b  1  (case  I)  and  b  >  1  (case  II).  The  resulting 
EIFS  distribution  for  both  cases  are  described  below. 

a.  Case  I  (b  ft  1) 

Integrating  Eq.  2  from  t  ■  0  to  t  •  T,  the  relationship  between  the 
initial  crack  size,  a(0),  and  the  reference  crack  size,  a.  >  a(T)  for  TTCI  (flight 
hours) ,  is  obtained, 

EIFS  -  a(0)  -  (a"°  +  cQ^T] (3) 
where  c  «  b  -  1. 

The  EIFS  cumulative  distribution,  F.  (x) ,  is  obtained  by  combining  Eqs.  1  and  3 
as  follows; 


>  *  1 


(4) 


where 
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is  the  upper  bound  of  the  EIFS  distribution.  The  lower  bound  of  the  TTCI  distribution, 
e,  for  a  given  reference  size,  a^,  is  obtained  from  Eq.  5  as  follows: 


e  =  "  an'^l :  a^  > 


cQq  ‘-U 


(6) 


Equation  4  for  F  ... (x)  can  be  simplified  by  substituting  the  expression  for  CQqG  from 
Eq.  5  into  Eq.  4^as  follows: 


a(0) 
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(7) 


b.  Case  II  (b  =  1) 

Integrating  Eq.  2  from  t  =  0  to  t  =  T  and  considering  b  =  1,  one  obtains  the 
relationship  between  the  initial  crack  size,  a(0),  and  the  reference  crack  size,  a^,  as 
follows 


EIFS  =  a(0)  =  a^  exp  (-QqT) 


(8) 


The  EIFS  cumulative  distribution.  F  (x) ,  is  obtained  by  combining  Eqs.  1  and  3 

a  (U| 


as  follows: 
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0  <  X  <  Xy 


(9) 
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where  is  the  upper  bound  of  the  EIFS  distribution: 


=  ap  exp  (-QgC) 


(IP) 


The  lower  bound  of  TTCI  distribution,  e,  for  a  given  reference  crack  size,  a^,  is 
obtained  from  Eq.  10  as  follows: 

-  ’'u 

When  each  test  specimen  consists  of  I  fastener  holes  equally  stressed  and  fractography 
results  are  taken  only  for  the  fastener  hole  in  each  specimen  which  has  the  largest 
crack  size,  the  exponential  exponents  of  Eqs.  1,  4,  7  and  9  should  be  multiplied  by  a 
factor  of  1/1  (Ref.  22). 

•3.  Generic  EIFS  and  Discussion  of  IFQ  Model 

Intuitively,  the  EIFS  cumulative  distribution,  F  /qi  (*) ,  should  be  only  a  func¬ 
tion  of  the  material  and  the  manufacturing/fabrication 'processes.  As  such,  F.,qj  (x) 
(Eqs.  4,  7  and  9)  should  be  independent  of  loading  spectra,  stress  level,  percent  shear 
load  transfer  through  the  fasteners,  etc.  If  the  same  EIFS  cumulative  distribution  is 
valid  for  replicate  fastener  holes  under  different  design  conditions  (e.g.,  loading 
spectra,  stress  level,  *  load  transfer ,  etc. ) ,  then  the  resulting  F./ni  (x)  is  said  to 
be  "generic".  If  F  ...  (x)  is  generic,  then  the  crack  growth  damage 'accumulation  can 

be  calculated  analyticilly  or  numerically  for  different  design  conditions  using  the 
EIFS  distribution  (Eqs.  4,  7  or  9) . 


The  IFQ  model  parameters,  o^,  B  ,  e,  q  ,  and  b  depend  on  the  fractographic  results. 
Therefore,  these  pareuneters  depend  on  the  conditions  used  to  generate  the  crack  initia¬ 
tion  and  crack  growth  data  (e.g.,  material,  loading  spectra,  stress  level,  etc).  A 
basic  premise  of  the  durability  analysis  method  proposed  is  that  F  ...  (x)  can  be  det¬ 
ermined  from  a  given  fractography  data  set  or  sets  economically  ana 'the  resulting  EIFS 
distribution  can  be  used  for  crack  exceedance  predictions  for  different  loading  spectra. 


stress  levelsi  %  load  transfer «  etc.  Encouraging  results  have  been  obtained  to  date 
which  suggest  that  such  a  basic  premise  appears  to  be  promising.  However,  further 
study  is  required  to  evaluate  the  IFQ  distributions  using  available  f ractographic 
data  generated  in  Ref .  23  and  to  assess  the  accuracy  of  the  crack  exceedance  predic¬ 
tions,  p(i,T),  under  different  design  conditions. 


For  simplicity,  suppose  two  sets  of  replicate  specimens  are  tested  using  the  same 
loading  spectrum  but  different  stress  levels.  Using  the  f ractographic  results  for  each 
data  set,  the  respective  TTCIs  for  a  given  a*  can  be  determined  for  each  data  set  as 
illustrated  in  Fig.  5.  For  the  EIFS  cumulative  distribution,  F  (x) ,  to  be  "generic" 

the  TTCI  distributions,  F_(t),  for  data  sets  1  and  2  should  trafisiorm  into  the  same 
EIFS  distribution.  From  Eq.  9,  the  necessary  conditions  for  a  generic  EIFS  cumulative 
distribution  are  for  Uq  and  QqSq  to  be  constants. 


Figure  5  -  Generic  EIFS  condition 


Investigations  have  shown  that  a_  is  a  material  constant  for  a  given  type  of 
fastener  hole  and  the  product  OgSg  to  be  the  common  denominator  for  linking 

different  f ractographic  data  sets^together  on  a  common  baseline.  Although  results  to 
date  are  very  encouraging,  futher  research  is  required  to  evaluate  and  compare  QgBf, 
values  for  different  fractographic  data  sets. 

The  EIFS  distribution  for  case  I  (b  1)  and  case  II  (b  =  1)  are  given  by  Eqs.  7 
and  9,  respectively.  In  both  cases,  the  EIFS  cumulative  distribution,  F  /qi (x) r  is 
independent  of  the  reference  crack  size,  a.,  used  to  define  the  TTCI  valfies.  This  is 
an  important  attribute  of  the  IFQ  distribution.  The  upper  bound  EIFS  value  in  the  IFQ 
distribution,  X  ,  is  either  selected  by  the  user  or  computed  from  Eq.  S  or  10.  The 
other  parameters  (i.e.,  uq,  0q,  c,  Qq  and  b)  are  determined  from  fractographic  results 
for  coupon  specimens  or  other'^suitable  test  results. 

In  previous  work.  Case  I  (b  1)  has  been  considered  (Refs,  11,  12,  16,  21,  and 
22).  Fractographic  results  for  protudlng  head  (Ref.  33)  and  countersunk  head  (Ref.  23) 
fasteners  resulted  in  b  values  <1.  When  b  is <  1.0,  it  is  possible  to  obtain  EIFS 
values  <0  using  the  original  IFQ  model.  Mathematically,  however,  the  original  IFQ 
model  can  handle  both  positive  and  negative  EIFS  values,  since  the  IFQ  model  is  simply 
a  "mathematical  tool"  for  predicting  the  probability  of  crack  exceedance.  An  explanation 
of  the  negative  EIFS  issue  in  terms  of  the  original  IFQ  model  and  the  crack  initiation 
process  is  given  in  Ref.  22. 


There  are  certain  advantages  and  disadvantages  associated  with  the  use  of  Case  I 
(b  #  1)  and  Case  II  (b  =  1)  in  Eg.  2.  For  example,  the  EIFS  master  curve  for  Case  I 
with  two  parameters  Q.  and  b  1  generally  fit  the  selected  fractographic  crack  size 

range  better  than  Case  II  with  a  single  parameter  (Q.,  b  =  1) .  However,  the  resulting 
and  b  values  must  be  on  a  comparable  baseline  when  different  fractography  data  sets 
are  considered.  Since  the  resulting  Q«  and  b  values  affect  the  IFQ  distribution,  they 
must  be  consistently  defined.  In  Eg.  2,  Q»  and  b  are  shown  to  be  strongly  correlated 
parameters  (Ref.  19).  Hence,  for  a  given  B  there  is  likely  to  be  a  corresponding  Q- 
and  vice  versa.  Thus,  for  consistent  IFQ  results,  the  same  b  value  may  be  determined 
using  pooled  fractography  results  for  different  data  sets. 


When  the  one  parameter  form  of  Case  II  is  used  in  Eg.  2  (i.e.,  Q-,  b  =  1),  the 
"Qq"  value  for  one  fractography  data  set  is  already  comparable  with  tne  "Qq"  value  for 
another  data  set.  Nevertheless,  whichever  form  of  Eg.  2  is  used  (i.e.,  Q.,  b  ^  1  or 
Q„,  b  =  1)  the  resulting  F  (x)  will  be  statistically  compatible  with  the  TTCI 

distribution.  Conseguently'^^as  long  as  the  resulting  F-iq.  <x)  is  used  in  a  consistent 
manner,  the  same  crack  exceedance  prediction  will  be  obtained. 

C.  Durability  Analysis  Procedures 

The  durability  analysis  procedures,  described  and  discussed  in  detail  elsewhere 
(Refs.  15,  21  and  22) ,  are  summarized  below  for  Case  II  (b  =  1) .  Similar  expressions 
can  be  developed  for  Case  I  (b  =  1)  using  the  same  procedures. 

(1)  Divide  the  durability  component  into  m  stress  regions  where  the  maximum 
stress  in  each  region  may  be  reasonably  assumed  to  be  egual  for  every  location  or 
detail  (e.g.,  fastener  hole). 

(2)  Use  the  model  shown  in  Fig.  3  and  suitable  fractography  results  to  define  the 
EIFS  distribution  expressed  in  Eg.  9.  Determine  and  QqB-  (Ref.  22).  The  x  selected 
should  be  consistent  with  Eg.  10. 

(3)  Determine  for  each  stress  region,  the  corresponding  EIFS  value,  which 

grows  to  crack  size  x,  at  service  time  T  as  illustrated  in  Fig.  4  (Ref.  22).  If 
applicable  fractography  data  are  available  for  different  stress  levels  and  fractography 
data  pooling  procedures  are  used,  the  crack  growth  rate  expression  in  Eg.  12,  where  b^  =  1, 
can  be  integrated  from  a(0)  =  to  a(T)  =  to  obtain 


=  Qita(t)]  i 


(12) 


fli(t)  =  Xj^  exp  (-Q^t) 


(13) 


in  which 


Q.  =  Fn'f 

1 


(14) 


is  assumed  to  be  a  power  function  of  the  maximum  applied  stress  u, 
constants  to  be  determined  from  available  fractography  data. 


and  C  and  y  are 


If  applicable  fractographic  results  are  not  available  for  the  desired  design 
conditions  (e.g.,  load  spectra,  4  load  transfer,  stress  level,  etc.),  an  analytic  1 
crack  growth  program  (e.g..  Ref.  36)  can  be  used  to  generate  a  "service  crack  growth 
master  curve"  to  determine  y,.  (x)  for  a  given  x.  (Kefs.  II  and  15).  Wnen  an  analytical 
crack  growth  program  is  usedf^y, .  (x)  must  be  determined  in  a  manner  which  is  consistent 
with  that  used  to  determine  the^EIFS  distribution  from  the  fractographic  test  data. 


(4)  Compute  the  probability  of  crack  exceedance  for  each  stress  region,  i.e., 
p(i,x)  =  Pla(x)  >  Xj^]  »  1  -  ^3(0)  using  Eg.  9. 


p(i,x)  ■  1  -  exp 


4n(*u/yii(i) 


0  "  yii  1  *u 


(15) 


■  0,  yii<">i>‘u 

(x)  is  given  by  Eg.  13,  and  1  is  the  scaling  factor  described  previously 


p{i,x) 

in  which  Yi,  i 

based  on  the  number  of  fastener  holes  per  specimen  used  in  the  fractography  data  base. 

(5)  The  average  number  of  details  R(l,  x) ,  and  the  standard  deviation  o(l,  x)  in 
the  1th  stress  region  with  a  crack  size  greater  than  x,  at  service  time  x  are  determined 
using  the  binomial  distribution  and  are  expressed  as  follows t 

(16) 


R(i,x)  -  Hj^p(i,x) 


-  {NjP(i,x)  [1  -  p(i,x)) 


a^(i,x) 


(17) 


in  which  N.  denotes  the  total  number  of  details  in  the  ith  stress  region.  The  average 
number  of_4etails  with  a  crack  size  exceeding  Xj^  at  the  service  time  T  for  m  stress 
regions,  L  (t),  and  its  standard  deviation,  o, (t) ,  can  be  computed  using  Eqs.  18  and 
19.  ^ 


/o-^ 


—  ^  — 

L(t)  =  N(i,T)  (18) 

i=l 


aL(r) 


(19) 


Equations  18  and  19  can  be  used  to  quantify  the  extent  of  damage  for  a  single  detail,  a 
group  of  details,  a  part,  a  component,  or  an  airframe.  Upper  and  lower  bounds  for  the 
prediction  can  be  estimated  using  E(t)  ±Zo  (t),  where  Z  is  the  number  of  standard 
deviations,  o, (r),  from  the  mean,  L(t).  Equations  16  through  19  are  valid  if  cracks  in 
each  detail  are  relatively  small  and  the  growth  of  the  largest  crack  in  each  detail  is 
not  affected  by  cracks  in  neighboring  details.  Hence,  the  crack  growth  accumulation 
for  each  detail  is  statistically  independent  (Refs.  11,  12,  15  and  21). 

V.  DURABILITY  ANALYSIS  DEMONSTRATIONS 

A  durability  analysis  of  the  lower  wing  skins  of  afighter  is  presented.  Dura¬ 
bility  analysis  results  for  complex-splice  specimens  subjected  to  a  bomber  load  spectrum 
are  also  presented.  Both  analyses  are  correlated  with  test  data. 

A.  Fighter  Lower  Wing  Skins 

A  durability  analysis  of  the  lower  wing  skins  of  a  fighter  durability 
test  article  is  presented  to  illustrate  the  methodology  described.  Analytical  pre¬ 
dictions  of  the  extent  of  damage  in  each  wing  skin  are  presented  in  various  formats, 
and  results  are  compared  with  observations  from  the  tear-down  inspection  of  the  fighter 
durability  test  article. 

The  fighter  durability  test  article  was  tested  to  16,000  flight  hours  (equivalent 
to  2  service  lives)  using  a  500-hour  block  spectrum.  Each  wing  received  the  same 
loading.  Following  the  test,  all  fastener  holes  in  the  lower  wing  skins  were  inspected 
using  eddy  current  techniques.  Fastener  holes  with  crack  indications  were  confirmed  by 
f ractographic  evaluation.  The  right  hand  and  left  hand  lower  wing  skins  were  found  to 
have  twenty  six  and  seven  fastener  holes,  respectively,  with  a  crack  size  ^  0.76  mm 
(0.03  inch)  at  x  =  16,000  flight  hours. 

A  preliminary  durability  analysis  for  the  fighter  lower  wing  skins  was  presented 
in  Ref.  21.  The  preliminary  analysis  reflected!  (1)  fastener  hole  IFQ  based  on 
f ractographic  results  for  protruding  head  fasteners,  (2)  crack  growth  rates  for  the  IFQ 
model  based  on  Eq.  2  (b  1)  ,  (3)  three-parameter  Weibull  distribution  used  in  the  IFQ 
model,  (4)  model  parameters  based  on  a  single  data  set  (one  stress  level,  400-hour 
block  spectrum.  Ref.  33) ,  (5)  three  stress  regions  considered  for  the  lower  wing  skin, 
and  (6)  an  analytical  crack  growth  program  (Ref.  36)  and  the  500-hour  block  spectrum 
were  used  to  define  the  "service  crack  growth  master  curve" for  each  stress  region. 

Essential  features  of  the  present  analysis  are:  (1)  fractographic  results  for 
countersunk  fasteners  used  to  quantify  IFQ  (countersunk  fasteners  were  used  on  the 
fighter  durability  test  article),  (2)  crack  growth  rates  for  the  IFQ  model  based  on  Eq. 

2  (b  =  1) ,  (3)  three-parameter  Weibull  distribution  used  in  the  IFQ  model,  (4)  model 
parameters  based  on  three  different  data  sets  (three  stress  levels,  400-hour  block 
spectrum)  (5)  lower  wing  skin  divided  into  10  stress  regions,  and  (6)  crack  growth  rate 
parameter  Q.  defined  for  each  stress  region  as  a  function  of  stress  level  a,  determined 
from  available  fractography  data.  There  were  no  significant  differences  in  the  400-hour 
and  500-hour  spectra. 

The  fighter  lower  wing  skin  was  divided  into  ten  stress  regions  as  shown  in  Fig. 

6.  Applicable  stress  levels  and  the  corresponding  number  of  fastener  holes  in  each 
stress  region  are  shown  in  Table  1.  The  stress  levels  for  Zones  I-IV  were  determined 
using  strain  gage  data  in  combination  with  finite  element  analyses.  The  stress  levels 
for  Zones  V,  VII-IX  were  determined  using  a  coarse  grid  finite  element  analysis  and  a 
theoretical  stress  distribution  for  a  circular  hole  in  an  infinite  plate  under  uniaxial 
tension.  The  stress  levels  for  Zones  VI  and  X  were  determined  from  a  fine  grid  finite 
element  analysis. 

Fractographic  results  fur  three  data  sets  (i.e.,  AFXLR4,  AFXMR4,  and  AFXHR4)  for 
maximum  stress  levels  of  220.7  MPa  (32  ksi)  ,  234.5  MPa  (34  )!sl)  ,  and  262.1  MPa  (38  ksl) 
were  used  to  calibrate  the  IFQ  model  parameters.  A  400-hour  block  load  spectrum  was 
used.  The  AFX  series  specimens  were  designed  for  15%  load  transfer.  The  specimens 
were  made  of  7475-T7351  aluminum  and  contained  two  MS90353-08  (%  dla.)  blind,  counter¬ 
sunk  rivets  as  shown  in  Fig.  7.  All  specimens  reflect  typical  aircraft  production 
quality,  tolerances  and  fastener  fits.  Nine  specimens  were  tested  per  data  set. 


Figure  7  -  IFQ  specimen 


The  crack  growth  rate  parameter  Q-  in  Eg.  2  (b  =  1)  was  determined  for  each  of  the 
three  AFX  data  sets.  Q.  was  determined  from  the  fractographic  results  using  a  least- 
square  fit  of  Eq.  2  (Rer.  22).  A  fractographic  crack  size  range  of  0.127  mm  -  2.54  mm 
(0.005  inch  -  0.10  inch)  was  used.  An  upper  bound  EIFS  of  X  =  0.762  mm  (0.03  inch) 
was  assumed  for  the  IFQ  distribution.  Using  Eq.  11  and  the  estimated  Q.  values,  the 
corresponding  lower  bound  of  TTCI  value,  r,  for  each  reference  crack  size,  a.,  was 
determined  for  each  data  set.  The  results  of  Qq  and  e  are  shown  in  Table  2. 


Table  2  -  Summary  of  IFQ  model  parameters  for  fighter  spectrvun 


Fractographic  results  for  the  three  AFX  series  data  nets  were  combined  together 
to  determine  the  corresponding  "pooled*  a  value  using  the  following  procedures. 
Time-to-crack-initiation  (TTCI)  results  for  three  different  reference  crack  sizes  (a.  •> 
0.762  mm,  1.27  mm  and  2.54  mm)  were  used  for  each  of  the  three  data  sets.  The  adjusted 
TTCI  data,  l.e.,  TTCI-e  data  for  each  re^rence  crack  size  for  each  data  set  «rere  normalized 
using  the  corresponding  average  vaj^ues  (X) .  Results  for  the  three  data  sets  were 
pooled  together  and  the  (TTCI-e  ) /X  data  were  ranked  in  ascending  order.  Equation  1 
was  transformed  into  a  least-squares  fit  form  for  determining  the  pooled  a.  value  (Ref. 
22).  The  pooled  value  was  found  to  be  1.823  (Table  2). 

After  determining  o.  for  the  pooled  data  sets,  the  adjusted  TTCI's  for  each 
reference  crack  size  for'^each  data  set  were  considered  separately  to  determine  the 
corresponding  S  values  (Ref.  22) .  These  values  are  presented  in  Table  2.  Also 
stuwnarized  in  Table  2  are  the  QqBq  values  for  the  nine  cases  considered.  For  generic 


EIFS,  the  a.  and  Qq values  should  be  constants.  Average  values  of  Qq Bq  =  1.928  and 
v,  =  1.823  are  used'^for  the  present  durability  analysis.  A  plot  of  Q  versus  6  is 
shown  in  Fig.  8  for  the  three  data  sets  considered  (9  cases) .  °  ° 


Figure  8  -  versus  6^^  for  fighter  400-hour  load  spectrum 


The  crack  growth  rate  parameter  Q.  for  the  three  data  sets  is  plotted  against  the 
applicable  gross  stress  for  each  data  Set  in  Fig.  9.  Using  a  least-square  fit  (solid 
line  in  Figure  9) ,  the  following  expression  is  obtained  for  Q.  as  a  function  of  stress 
level  when  stress  is  Expressed  in  ksi  units: 

=  1.427  X  lo"^®  (20) 

When  stress  is  expressed  in  MPa  units,  the  appropriate  expression  for  is  as  follows: 

=  3.2  X  lO”^^  (21) 


Equation  20  is  used  to  estimate  the  Q.  value  for  each  of  the  ten  stress  regions 
shown  in  Fig.  6.  ^ 

Crack  exceedance  predictions  for  the  fighter  lower  wing  skin  were  determined  using 
Eqs.  13,  15,  and  20  as  well  as  the  following  parameters:  x  =  0.762  mm  (0.03  inch), 
a  =  1.823,  QqBq  =  1.928  (average),  f  =  4  and  various  x  valUes.  The  results  are  pres¬ 
ented  in  various  formats  as  described  below. 


The  extent  of  damage  predictions  for  the  fighter  lower  wing  skin  are  summarized  in 
Table  3  at  x  =  16000  flight  hours  for  each  of  the  ten  stress  regions  shown  in  Fig.  6. 

The  number  of  fastener  holes  with  a  crack  size  ^0.762  mm  (0.03  inch),  L(x) ,  and  the 
standard  deviation, o  (x) ,  was  estimated  to  be  17.6  and  4.077,  respectively.  Based  on 
the  test  results  for^the  right  hand  and  left  hand  lower  wing  skins,  an  average  of  16.5 
fastener  holes  had  a  crack  size  >0.762  mm  (0.03  inch)  at  x =  16000  hours.  In  Table  3, 
the  predicted  extent  of  damage  results  track  the  average  test  results  for  the  individual 
stress  regions  very  well. 

In  Fig.  10  the  predicted  percentages  of  crack  exceedance  versus  fastener  hole  crack 
size  are  plotted  for  the  fighter  lower  wing  skin  at  x  >  16000  flight  hours.  Curves  1,  2 
and  3  are  basedjon  L(x)  x  100%/N*,  (UCt)  +  a  (x)l  x  100%/N*  and  [L(r)  -  <J,(t)]  x  100%/N*, 
respectively.  L(t)  and  a,  (t)  are  defined  by^^Eqs.  18  and  19,  respectivelyT  N*  is  the 
total  number  of  fastener  holes  in  the  fighter  lower  wing  skin  (l.e.,  1614  holes).  Since 
the  number  of  fastener  holes  in  each  stress  region  is  large,  it  is  reasonable  to  approx¬ 
imate  the  binomial  distribution  by  the  normal  diatriWintion.  ■'’he  corresponding  exceedence 
probabilities  for  curves  1,  2,  3  are  shown  in  Fig.  10  in  parentheses. 
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Figure  10  -  Percentage  of  crack  exceedance  versus  crack  size  at  16,000 
hours  for  3  probability  levels  (fighter) 


Test  results  for  the  right  and  left  hand  lower  wing  skin  (at  =  0.762  mm  and  t  = 
16000  hours)  are  plotted  as  a  circle  and  a  square,  respectively,  in'^Fig.  10.  Approxi¬ 
mately  1.1*  of  the  fastener  holes  in  the  fighter  lower  wing  skin  are  predicted  to  have 
a  crack  size  >  0.762  mm  (0.03  inch)  at  t  =  16000  hour^.  This  compares  with  an  average 
of  1.02%  base?  on  test  results  for  the  right  hand  and  left  hand  lower  wing  skins. 

In  Fig.  10,  the  predicted  average  percentage  of  crack  exceedance  decreases  rapidly 

for  larger  crack  sizes.  For  example,  the  average  percentage  of  crack  exceedance  for 
the  fighter  lower  wing  skin  decreases  from  approximately  1.1%  at  Xj^  =  0.762  mm  (0.03  ") 
to  approximately  0.14%  at  X.  =  1.27  mm  (0.05  inch).  Crack  exceedance  predictions  are 
based  on  the  service  crack  growth  master  curve  defined  by  Eqs.  13  and  14.  A  single 
service  crack  growth  master  curve  may  not  adequately  fit  the  full  range  of  desired 
crack  sizes  for  all  crack  exceedance  predictions.  For  example,  different  service  crack 
growth  master  curves  are  required  to  fit  two  different  crack  size  ranges  as  illustrated 
in  Fig.  11.  Curve  1  and  Curve  2  shown  in  Fig.  11  apply  to  crack  size  ranges  A,  and  A-, 

respectively.  Crack  exceedance  predictions  based  on  Curves  1  and  2  of  Fig.  ll'^will  be 

different  for  the  same  crack  exceedance  size,  X..  For  example,  p(i,T)  predictions 
based  on  Curve  2  for  X^,  and  X2,  Tj  will  be^larger  than  those  based  on  Curve  1. 

The  extrapolation  of  crack  exceedance  predictions  to  larger  crack  sizes  should  be 
consistent  with  the  applicable  crack  growth  process  for  given  design  conditions  and  the 
crack  exceedance  crack  size,  X,.  Further  research  is  needed  to  develop  a  better 
understanding  and  confidence  in  crack  exceedance  predictions  for  different  crack  sizes, 
materials,  and  design  conditions. 

Analytical  predictions  of  the  extent  of  damage  are  presented  in  Fig.  12  in  an 
exceedance  probability  format.  In  this  case,  the  predicted  number  of  fastener  holes  in 
the  fighter  lower  wing  skin  with  a  crack  size  >  0.762  mm  (0.03  inch)  are  plotted  as  a 
function  of  flight  hours  for  different  exceedance  probability  values  (i.e.,  P  -  0.05, 
0.50,  0.95).  The  plots  are  based  on  Eq.  15,  x.  •  0.762  mm  (0.03  inch),  a.  «  1.823, 

«  1.928  (average),  4,  N.  ”_1614  fastener  holes,  Z  •=  il.65  and  L(t)  tZa“(T)  .  For  “ 
example,  at  t  «  16,000  hour8,L  (t)  -  17.6  fastener  holes  and  (i)  •  4.077.  The  upper 
bound  prediction.  1,(t)  t  za,(T),  Is  approximately  24.3  fastener^oles.  In  other  words, 
there  Is  a  probability  of  u.OS  that  more  than  24.3  fastener  holes  In  the  fighter  lower 
wing  skin  will  have  a  crack  size  ^  0.762  mm  (0.03  Inch)  at  16000  flight  hours.  There 
Is  a  probability  of  0.50  and  0.95,  respectively,  that  more  than  17.6  and  10.9  fastener 
holes  will  have  a  crack  else  >0.762  mm  (0.03  Inch)  at  t  ■  16000  flight  hours.  The 


average  and  upper/lower  bound  predictions  for  the  fighter  lower  wing  skin  compare  very 
well  with  test  results  for  the  right  hand  and  left  hand  lower  wing  skins  at  t  =  16000 
flight  hours  (Fig.  12). 
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Figure  11  -  Service  crack  growth  master  curves  for  different  crack 
size  ranges 


O 
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Figure  12  -  Number  of  holes  with  cr  vck  size  ^  0.76  mm  (0.03  inch) 
versus  flight  hours  -  axceedance  probability  format 
(fighter) 


The  extent  of  damage  predictions  are  presented  in  a  stress  level  format  in  Fig. 
13.  Curves  are  shown  for  the  baseline  stress  {o) ,  i.io  ,  and  1.2o,  Results  are  based 
on  Bqs.  13>  15  and  20.  The  'baseline  stress*  refers  to  the  maximum  stress  level  for 
each  of  the  ten  stress  zones.  For  prediction  purposes,  the  baseline  stresses  for  each 


stress  zone  were  all  increased  by  the  same  percentage.  The  results  shown  in  Fig.  13 
can  be  used  to  assess  the  extent  of  damage  as  a  function  of  stress  level  and  flight 
hours.  This  format  is  particularly  useful  for  evaluating  durability  design  tradeoffs 
in  terms  of  the  extent  of  damage.  For  example,  at  t  =  16000  flight  hours  approximately 
1.1%  of  the  fastener  holes  in  the  fighter  lower  wing  skin  would  be  predicted  to  exceed 
a  crack  size  of  0.762  mm  (0.03  inch)  for  the  baseline  stress  levels.  If  the  baseline 
stresses  were  increased  to  l.lo  and  1.2a,  the  predicted  average  percentage  of  holes 
with  a  crack  size  ^  0.762  mm  (0.03  inch)  would  be  approximately  4%  and  12%,  respectively 
This  provides  a  quantitative  measure  of  the  structural  durability  as  a  function  of 
stress  level  and  flight  hours. 
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Figure  13  -  Average  percentage  of  holes  with  crack  size  >  0.76  mm 
(0.03  inch)  versus  flight  hours  -  stress  level  format 
(fighter) 


B.  Complex-Splice  Specimens  Subjected  to  Bomber  Load  Spectrum 

A  durability  analysis  of  complex-splice  specimens  subjected  to  e  bomber  load  spectrum 
is  presented.  Analytical  predictions  of  the  extent  of  damage  in  the  specimens  are 
presented  in  various  formats  and  compared  with  fractographic  results.  The  analytical/ 
experimental  results  are  summarized  here  and  descrl)>ed  in  more  detail  in  Ref.  27. 

The  complex-splice  specimen  geometry  is  presented  in  Fig.  14.  The  specimens  were 
made  of  747S-T7351  aluminum  plate  and  countersun)c  steel  rivets.  A  bomlser  load  spectrum 
was  applied.  Based  on  a  simplified  stress  analysis  and  strain  gage  results,  the 
maximum  gross  stress  in  the  outer  row  of  fastener  holes  at  the  faying  surface  was 


estimated  to  be  246.8  MPa  (35.8  ksi) .  The  eleven  specimens  were  tested  to  two  service 
lifetimes  (27,000  flight  hours)  or  failure,  whichever  came  first. 
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Figure  14  -  Complex  -  splice  specimen 


After  testing,  all  fastener  holes  in  the  outer  rows  were  inspected.  Fractography 
was  performed  for  the  largest  crack  in  each  fastener  hole  in  the  outer  rows.  Twenty 
five  out  of  110  fastener  holes  in  the  outer  rows  had  a  crack  size  >^1.27  mm  (.05  inch) 
at  13,500  hours.  Hence,  22,74  of  the  fastener  holes  in  the  outer  rows  had  a  crack  size 
>1.27  mm  (.05  inch)  at  13,500  hours. 

The  IFQ  of  the  fastener  holes  was  based  on  the  fractographic  results  for  nine  data 
sets  and  three  different  reference  crack  sizes.  The  specimens  were  made  of  7475-T7351 
aluminum  and  contained  2  countersunk  rivets.  Load  transfer  levels  of  15%,  30%  and  40% 
were  considered.  All  specimens  had  the  same  configuration  (Fig.  7)  with  the  same 
overall  length  and  basic  test  section  dimensions.  However,  the  lug  end  dimensions 
varied  depending  on  the  amount  of  load  transfer.  Three  maximum  stress  levels  were 
considered  for  each  load  transfer  level. 

A  fractographic  crack  size  range  of  0.127  mm  -  2.54  mm  (0.005  inch  -  0.1  Inch)  was 
considered.  An  upper  bound  EIFS  of  X  >  1.27  mm  (0.05  inch)  was  assumed  for  the  IFQ 
distribution.  A  fractography  sea ling” factor  of  t  >  4  was  used.  The  same  data  pooling 
procedures  were  used  which  were  previously  described  for  the  fighter  demonstration. 

The  average  Oq  and  QqBq  values  were  found  to  be  2.702  and  2.823,  respectively. 


The  crack  growth  rate  parameter  for  the  9  data  sets  is  plotted  against 
the  applicable  gross  stress  for  each  data  set  in  Fig.  15.  The  solid  line  represents 
I  .q  the  least-square  best  fit  through  the  plot  points.  The  dashed  lines  have  the  same 

10  '0  slope  as  the  solid  line  and  they  encompass  all  the  plot  points.  The  corresponding 

best-fit  equation  for  as  a  function  of  gross  stress  level  when  stress  is  expressed 
in  ksi  units  is  as  follows: 

=  6.151  X  lO"^^ 

When  stress  is  expressed  in  MPa  units,  the  appropriate  expression  for  is  as  follows 

—  1«895  X  10  o  (23) 
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Figure  15  -  versus  gross  stress  for  bomber  load  spectrum 


Crack  exceedance  predictions  for  the  complex-splice  specimens  were  determined 
using  Eqs.  13,  15,  and  22.  At  T  -  13,500  hours,  an  average  of  9  fastener  holes  (8.3%) 
were  predicted  to  exceed  a  crack  size  of  1.27  mm  (0.05  inch) ,  The  test  results  showed 
an  average  of  25  fastener  holes  (22.7%)  exceeding  a  crack  size  of  1.27  mm  (0.05  inch). 
The  difference  in  the  predicted  and  test  crack  exceedances  is  attributed  mainly  to  the 
stress  level  used  in  the  predictions.  The  actual  stress  level  and  distribution  in  the 
outer  row  of  fastener  holes  is  far  more  complex,  due  to  lateral  bending  effects,  than 
those  considered  for  the  damage  assessment.  The  crack  exceedance  predictions  are  very 
sensitive  to  the  gross  applied  stress  level  used.  This  is  illustrated  in  Fig.  16.  Th 
solid  line  represents  average  crack  exceedance  predictions  for  the  gross  stress  level 
of  246.8  MPa  (35.8  ksi)  obtained  using  the  simplified  stress  analysis  approach.  The 
dashed  lines  represent  average  crack  exceedance  predictions  for  other  gross  stress 
levels.  Also  plotted  as  a  single  point  is  the  average  test  crack  exceedance  at  t  - 
13,500  hours.  It  can  be  seen  that  if  the  gross  applied  stress  level  used  in  the 
predictions  were  266.1  MPa  (38.6  ksi)  rather  than  246.8  MPa  (35.8  ksi),  the  predicted 
crack  exceedance  at  13,500  hours  would  match  the  test  results.  Hence,  a  more 
accurate  stress  analysis  could  result  in  improved  predictions. 
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Figure  16  -  Average  percentage  holes  with  crack  size  >  1.27  mm 

(0.05  inch)  versus  flight  hours  -  stress  Tevel  format 
(bomber) 


Other  useful  crack  exceedance  formats,  previously  discussed  for  the  fighter  demon' 
stration,  are  presented  in  Figs.  17  and  18  for  the  complex-splice  specimens. 


VI  CONCLUSIOMS  AND  DISCUSSIONS 


Probabilistic  fracture  mechanics  methods  for  durability  analysis  have  been  described 
and  demonstrated  for  both  a  full-scale  fighter  aircraft  structure  and  for  a  complex 
splice  subjected  to  a  bomber  spectrum.  These  methods  can  be  used  to  analytically  assure 
compliance  with  the  Air  Force's  durability  design  requirements.  The  analytical  tools 
described  can  be  used  to  quantify  the  extent  of  deunage  as  a  function  of  the  durability 
design  variables  for  structural  details  in  a  part,  a  component  or  airframe.  Once  the 
econ«nic  life  and  durability  critical  parts  criteria  are  established,  the  extent  of 
damage  predictions  can  be  used  to  assure  design  compliance  with  Air  Force  durability 
requirements . 

An  initial  fatigue  quality  model  can  be  used  to  define  the  EIFS  cumulative  distri¬ 
bution  using  suitable  fractographic  results.  Procedures  and  guidelines  have  been 
developed  for  determining  the  IFQ  model  parameters  for  pooled  fractographic  data  sets 
and  for  scaling  TTCI  results.  The  parameters  Oj,  and  Qq3j.  provide  the  basis  for  putting 
fractographic  results  on  a  common  baseline  for  quantifying  the  initial  fatigue  quality. 
For  generic  EIFS,  o.  and  Q-Sq  should  be  constants  for  different  fractographic  data  sets 
(same  material,  fastener  typ«/fit,  and  drilling  technique),  loading  spectra,  stress 
levels  and  percent  load  transfer.  Encouraging  results  have  been  obtained  to  justify 
the  use  of  the  same  EIFS  cumulative  distribution  for  crack  exceedance  predictions  for 
different  design  conditions.  Further  research  is  required  to  confirm  the  IFQ  distri¬ 
butions  for  different  materials,  load  spectra,  stress  levels,  fastener  types /diameters/ 
fit,  %  load  transfer,  etc.  A  considerable  amount  of  fractographic  results  exist  which 
need  to  be  evaluated  using  the  IFQ  model. 

The  effects  of  fretting,  clamp-up,  corrosion,  size  effect  (scale-up  from  coupon  to 
eoB^nent) ,  faying  surface  sealant,  interference-fit  fasteners,  etc.  on  IFQ  need  to  be 
investigated.  Also,  the  feasibility  of  using  no-load  transfer  specimens  with  multiple 
holes  for  quantifying  the  IFQ  should  be  evaluated  using  spectrum  and  constant  anq^Iitude 
loading.  This  could  provide  an  economical  way  to  generate  the  fractographic  results 
needed  to  quantify  the  IFQ. 
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Theoretically,  the  IFC  model  can  be  used  to  quantify  the  EIFS  cumulative  distri¬ 
bution  for  various  structural  details  as  long  as  f ractographic  results  are  available 
for  the  details  to  be  included  in  the  durability  analysis.  The  IFQ  model  has  been 
evaluated  using  f ractographic  results  for  fastener  holes.  Suitable  specimens  and 
guidelines  need  to  be  developed  for  generating  crack  initiation  and  crack  growth 
results  for  other  details  such  as,  cutouts,  fillets,  lugs,  etc.  Fractographic  results 
should  be  developed  and  evaluated  for  such  details  so  that  the  durability  analysis 
methods  described  can  be  efficiently  applied  to  different  types  of  structural  details 
in  typical  aircraft  structures. 

The  accuracy  of  crack  exceedance  predictions,  based  on  the  same  EIFS  cumulative 
distribution,  needs  to  be  evaluated  for  different  design  conditions.  Also,  IFQ  model 
parameter  sensitivity  studies  need  to  be  performed  to  better  understand  the  average 
parameter  values  and  variances  and  the  impact  of  these  parameters  on  the  IFQ  for 
different  fractographic  data  sets. 

The  durability  analysis  methodology  was  developed  for  crack  exceedance  predictions 
for  relatively  small  crack  sizes  (e.g.,  =  2.54  mm)  in  structural  details.  The  largest 
crack  in  each  detail  was  assumed  to  be  statistically  independent  to  justify  using  the 
binomial  distribution  for  combining  crack  exceedance  predictions  for  structural  details. 
If  the  largest  crack  in  a  given  detail  doesn't  significantly  affect  the  growth  of 
cracks  in  neighboring  details,  perhaps  the  proposed  durability  analysis  methodology  can 
be  extended  to  crack  sizes  >2.54  mm  (0.10  inch).  The  simplistic  crack  growth  rate 
equation  (Eq.  12)  is  not  suitable  for  use  in  the  crack  exceedance  predictions  for  crack 
sizes>2.54  mm  (0.10  inch).  However,  a  general  service  crack  growth  master  curve  can  be 
generated  under  given  design  conditions  which  is  valid  for  crack  sizes  >2.54  mm  (Bef. 

11,  12  15,  and  22).  Nevertheless,  this  approach  has  not  been  demonstrated  in  the 
present  study  and  further  research  is  required  to  extend  the  probabilistic  fracture 
mechanics  approach  developed  to  larger  crack  sizes. 

Two  different  F  /oi (x*  equations  (i.e.,  Eqs.  7  and  9)  were  presented  for  represent¬ 
ing  the  IFQ.  Either^equation  works  but  Eq.  9  is  recommended  for  two  reasons:  (1)  It 
assures  all  EIFS'sin  the  IFQ  distribution  will  be>0,  and  (2)  the  crack  growth  rate 
parameter  Q^  can  be  easily  determined  from  the  fractographic  results  and  the  resulting 
Q.  values  for  different  data  sets  will  be  directly  comparable.  If  Eq.  7  is  used,  a 
common  b  parameter  (Eq.  2)  must  be  imposed  for  different  fractographic  data  sets  to  put 
the  QqSq  values  on  a  comparable  baseline.  As  long  as  b  >  1,  all  EIFS's  in  Eq.  7  will 
be  >  0.  Further  studies  are  needed  to  evaluate  the  accuracy  of  these  two  F./qi  (k) 
equations. 


size,  a. 


The  EIFS  cumulative  distribution,  F  . ...  (x),  is  independent  of  the  reference  crack 


This  is  illustrated  in  Eqs.  7' 


9.  Therefore,  the  TTCI  distribution  for 


different  reference  crack  sizes  will  transform  into  a  common  P  .f..  (x)  . 
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The  IFQ  model  is  simply  a  "mathematical  tool"  for  quantifying  the  IFQ  of  structural 
details.  Therefore,  the  resulting  EIFS's  must  be  considered  in  the  context  of  the  IFQ 
model  and  the  fractographic  results  used  to  calibrate  the  model  parameters.  EIFS's 
should  be  considered  as  hypothetical  cracks  used  fo-  crack  exceedance  predictions 
rather  than  actual  initial  flaws  per  se. 


Back  extrapolations  of  fractographic  data  must  be  done  consistently  to  put  the 
EIFS’s  on  a  common  baseline  for  different  data  sets.  Inconsistent  EIFS  results  will  be 
obtained  if  the  EIFS  distribution  is  determined  by  back  extrapolating  the  fractography 
results  for  individual  specimens  and  then  fitting  a  statistical  distribution  to  the 
EIFS  results  for  different  data  sets.  Two  problems  result  if  this  approach  is  used: 

(1)  the  EIFS's  are  not  on  a  common  baseline  for  different  data  sets,  and  (2)  the 
resulting  EIFS  distribution  is  not  statistically  compatible  with  the  TTCI  distribution 
and  the  fatigue  wear  out  process.  The  resulting  EIFS  distribution  should  be 
statistically  compatible  with  the  TTCI  distribution.  The  IFQ  model  presented  in  this 
paper  satisfies  this  requirement. 


Several  useful  applications  of  the  durability  analysis  methodology  developed  are: 

(1)  The  evaluation  of  durability  design  tradeoffs  in  terms  of  structural  design  variables, 

(2)  the  evaluation  of  structural  maintenance  requirements  before  or  after  aircraft  is 
committed  to  service,  and  (3)  the  evaluation  of  aircraft  user  options  affecting  life-cycle- 
costs,  structural  maintenance  requirements,  and  operational  readiness. 
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summary 

Fatigue  tests  of  smooth  and  notched  specimens  in  which  stress  levels  are  relatively 
high  and  most  of  the  fatigue  life  is  spent  at  short  crack  lengths,  have  shown  that  the 
compressive  as  well  as  the  tensile  part  at  a  load  cycle  causes  fatigue  damage  and  that 
overloads  significantly  reduce  fatigue  life.  Crack  propagation  tests  using  longer  cracks 
and  lower  stress  levels  have,  on  the  other  hand,  indicated  that  the  compressive  part  of 
the  load  cycle  has  little  effect  on  crack  growth  and  that  tensile  overloads  are  benefi¬ 
cial  and  delay  crack  growth. 

In  the  present  investigation,  crack  propagation  specimens  of  an  aluminum  alloy  are 
subjected  to  continuous  and  periodic  cycles  having  compressive  stresses.  Results  indi¬ 
cate  that  for  a  tension  compression  load  cycle  crack  growth  in  the  near  threshold  regime 
is  controlled  by  the  tensile  peak  stress  intensity  and  the  compressive  peak  stress. 
Compressive  loading  significantly  reduces  the  threshold  intensity  and  increases  crack 
growth  rate.  Furthermore,  periodic  application  of  compressive  overloads  during  zero  to 
maximum  stress  intensity  tests  is  shown  to  drastically  reduce  the  threshold  stress  inten¬ 
sity  for  thousands  of  cycles  following  each  overload  application. 


1.  INTRODUCTION 


Fatigue  tests  of  smooth  specimens  in  which  a  crack  is  initiated  and  propagated  to  a 
length  associated  with  the  fracture  of  small  samples,  indicate  that  both  the  tensile  and 
compressive  parts  of  the  stress  strain  cycle  affect  fatigue  life.  On  the  other  hand, 
crack  growth  studies  concerned  with  the  propagation  of  longer  cracks  in  larger  specimens 
usually  at  lower  stress  levels  have  generally  shown  that  the  compressive  part  of  the  load 
cycle  has  little  effect  on  crack  propagation  rate.  The  latter  observation  is  consistent 
with  fracture  mechanics  concepts  since  cracks  will  close  in  compression  and  the  stress 
intensity  will  be  zero.  In  fact  crack  closure  measurements  have  shown  that  cracks  open 
only  at  a  positive  stress  level  so  that  part  of  the  tension  portion  of  the  load  cycle 
also  does  not  contribute  to  crack  propagation.  This  concept  has  led  to  the  use  of  pul¬ 
sating  tension  cycles  in  reference  tests  to  measure  crack  growth  rates  and  the  use  of 
only  the  tensile  part  of  the  load  spectrum  in  fatigue  crack  growth  analyses  even  if  some 
compressive  loads  are  present.  The  difference  in  effectiveness  of  compressive  loads 
between  smooth  specimen  tests  and  crack  propagation  tests  has  usually  been  explained  by 
attributing  the  effect  of  the  compressive  loads  to  crack  initiation  only.  Recent  work  by 
the  authors  [1-41  showing  that  short  crack  growth  usually  included  in  "crack  initiation" 
can  be  predicted  from  long  crack  data  using  fracture  mechanics  concepts,  however,  sug¬ 
gests  that  such  a  distinction  between  crack  initiation  and  propagation  might  not  be 
valid.  Several  investigators  [5-12]  have  indeed  noted  that  the  compressive  portion  of  a 
load  cycle  can  increase  fatigue  crack  propagation  rates  under  some  conditions. 


Gurney,  who  tested  centre-cracked  mild  steel  plate  at  R  =  -1  and  R  =  0  concluded 
that  part  of  the  compressive  load  in  the  alternating  cycle  was  effective  in  crack  propa¬ 
gation.  Crooker  [61  found  that  in  the  high  strength  steels  he  examined,  both  crack 
initiation  and  propagation  were  affected  by  the  compressive  portion  of  a  fully  reversed 
load  cycle.  It  was  observed  that  for  the  same  maximum  applied  stress,  the  number  of 
cycles  to  initiate  a  crack  from  a  notch  was  less  for  R  «  -1  than  for  R  •  0;  also,  the 
crack  growth  curve  at  R  »  -1  was  approximately  parallel  to  that  at  R  •  0  and  1.5  times 
higher.  Maddox  et  al  [7]  came  to  a  similar  conclusion  while  studying  the  stress  ratio 
effect  on  crack  propagation  in  four  structural  steels;  the  stress  ratios  used  ranged  from 
-4  to  +0.67.  Their  results  indicate  that  the  crack  growth  rates  at  R  «  -1  varied  from 
1.65  to  2.5  times  those  at  R  ■  0,  the  factor  depending  on  the  material.  In  all  four  i 

steels,  the  crack  propagated  more  slowly  at  R  •  0  than  at  any  of  the  other  positive  or 
negative  R  ratios  investigated.  These  observations  are  similar  to  those  obtained  by 
Sullivan  and  Crooker  [81  in  a  5  Ni-Cr-Mo-V  steel.  In  addition,  Haigh  and  Skelton  (91 
examined  the  effect  of  compressive  loading  during  fatigue  of  a  0.5%  Cr-No-V  steel  at  550 
C  and  concluded  that  both  in  air  and  in  vacuum,  crack  growth  rates  are  always  increased 
by  compressive  loading.  They  also  showed  that  it  is  possible  to  restart  a  fatigue  crack 
stopped  at  R  •  0  by  changing  the  stress  ratio  to  R  «  -1.  Their  investigation  was  later 
expanded  by  Haigh  et  al  [10],  «rho  observed  that  the  threshold  stress  intensity  factor  was 
lower  at  R  -  -1  than  at  R  •  0.  | 


Limited  work  has  been  performed  to  study  the  effect  of  full  or  partial  compressive 
cycling  on  crack  propagation  in  aluminum  alloys.  Hudson  and  Scardina  [11,12]  observed 
that  in  2024-T3  aluminum  alloy,  a  fatigue  crack  grew  faster  at  R  -  -1  than  at  R  -  0. 
However,  in  7076-T6  aluminum  alloy,  the  crack  growth  rate  at  values  of  R  ranging  from  -1 
to  +0.8  were  approximately  the  same,  indicating  that  this  material  is  relatively  insensi¬ 
tive  to  compressive  loads. 


Recent  work  [13-16]  has  Indicated  that  when  applied  continuously,  the  compressive 
part  of  the  load  cycle  can  increase  the  steady  state  crack  growth  rates  and  also  acceler- 
'e<  ate  the  propagation  rates  for  subsequent  smaller  load  or  strain  cycles.  Conle  and  Topper 
[13(14]  and  El  Menoufy,  Leipholz,  and  Topper  [15]  showed  that  in  variable  amplitude 
straining  of  smooth  specimens,  large  cycles  increased  the  damage  for  subsequent  smaller 
cycles  beyond  that  found  in  constant  amplitude  straining.  They  also  noted  in  variable 
amplitude  that  cycles  whose  amplitude  fell  far  below  the  constant  amplitude  fatigue  limit 
contributed  to  damage.  In  addition,  they  showed  that  an  equivalent  strain-life  curve 
which  gave  correct  damage  summations  for  the  variable  amplitude  tests,  continued  as  an 
approximately  log  linear  extension  of  the  low  cycle  portion  of  the  strain-life  curve  to 
levels  well  below  the  constant  amplitude  fatigue  limit. 

Topper  and  Au  [16]  hypothesized  that  since  tensile  overloads  are  known  to  delay 
crack  propagation,  the  above  accelerations  must  be  due  to  the  compressive  overloads  in 
the  load  spectrum.  They  found  that  in  2024-T351  aluminum  alloy,  continuous  application 
of  load  cycles  with  a  compressive  peak  stress  equal  to  about  one  half  of  the  yield  stress 
reduced  the  peak  tensile  stress  for  threshold  conditions  by  almost  an  order  of  magni¬ 
tude.  At  high  crack  growth  rates,  the  effect  of  the  compressive  part  of  the  load  cycle 
diminished  and  there  was  little  difference  in  crack  growth  rates  between  tests  with  a 
high  compressive  stress  and  those  in  which  the  compressive  stress  was  zero. 

From  the  results  of  the  aforementioned  investigations,  it  is  evident  that  compres¬ 
sive  loads  may  have  an  important  influence  on  the  fatigue  crack  initiation  and  propaga¬ 
tion  response  of  a  material.  Large  compressive  cycles  can  decrease  the  threshold  stress 
intensity  and  the  fatigue  limit  of  a  material.  If  the  magnitude  of  these  compressive 
cycles  is  sufficiently  large,  they  may . accelerate  crack  growth  for  many  cycles  at  lower 
load  levels.  This  study  examines  the  effect  of  compressive  loads  on  near-threshold  crack 
growth  behavior  in  2024-T351  aluminum  alloy.  The  crack  propagation  response  of  the  alumi¬ 
num  subjected  to  periodic  applications  of  a  single  compressive  cycle  is  also  noted. 

2.  MATERIALS,  TEST  EQUIPMENT  AND  TEST  TECHNIQUES 

Crack  propagation  specimens  with  the  geometries  shown  in  Figure  1  were  cut  and 
machined  from  12.7  millimeter  thick  plates  of  2024-T351  aluminum  alloy.  The  specimen 
surface  was  hand  polished  for  ease  of  crack  detection.  A  travelling  microscope  with  a 
0.025  mm  resolution  was  used  to  measure  crack  growth;  crack  growth  data  were  recorded 
after  the  crack  had  grown  out  of  the  2  mm  cut  and  reached  a  length  of  approximately  5  mm. 

Constant  minimum  peak  stress  {S^in)  crack  propagation  tests  were  performed  at  room 
temperature  in  an  electrohydraulic  testing  system  [13].  In  the  periodic  overload  crack 
growth  tests,  the  testing  system  was  connected  to  a  process  control  computer  assisted  by 
some  simple  analogue  computer  circuits,  as  outlined  in  Reference  [9].  The  test  frequen¬ 
cies  used  in  these  tests  ranged  from  20  to  100  Hz,  depending  on  the  level  of  S^^ri* 
the  data  were  obtained  using  the  near-threshold  crack  propagation  test  technique  guide¬ 
line  suggested  by  Bucci  [14].  At  the  end  of  each  test,  the  specimen  fracture  surface  was 
examined  visually  for  crack  tunnelling.  A  strain-gaged  specimen  was  tested  at  an 
of  -208  MPa  to  determine  the  amount  of  bending  induced  by  high  compressive  loads,  the 
result  showed  that  the  induced  bending  stress  remained  negligible  even  when  the  crack  was 
long . 


3. 


EFFECT  OF  COMPRESSIVE  LOAD  ON  CRACK  GROWTH  RATE 


n-j 

Figure  2  schematically  represents  the  load  pattern  used  in  this  study  to  investigate 
the  near-threshold  crack  growth  behavior  in  2024-T351  aluminum  alloy  under  the  influence 
of  compressive  cycles.  In  each  test,  the  compressive  peak  stress  in  each  cycle  was  held 
constant  throughout,  the  tensile  peak  stress  was  progressively  decreased  and  the  maximum 
threshold  value  of  the  positive  threshold  stress  intensity,  Kmaxth'  chosen 
Smin  established  when  crack  arrest  occurred.  Then  the  load  was  increased  by  a  small 
amount  and  K-increasing  crack  growth  data  were  obtained  when  crack  propagation  resumed. 


Figure  3  shows  the  K-increasing  data  for  the  aluminum  tested  at  R  °  0  (i.e.  ° 
0),  and  various  negative  levels.  All  of  the  crack  growth  curves  are  sigmoidal  in 
shape  except  that  the  'knee*  portion  is  amplified  as  becomes  more  negative.  The 
effect  of  ^max  most  pronounced  near  the  threshold  region  and  diminishes  as 
^max  increases,  eventually  data  for  all  values  of  closely  approach  the  R  =  0 
curve  at  approximately  the  same  K^jx  value  of  11  NPa/m. 
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DESIGN  OF  CRACK  PROPAGATION  PLATE  SPECIMENS 


CRXCX  SR0¥rTH  (MTt  ••  MMIMUM  STRESS  •(TERamr 
AT  CONSTANT  tlNMUM  STRESS  M  tOZA-TSSI 
ALUMINUM  ALLOT 


FIGURE  2 


FIGURE  3 


Values  of  the  threshold  taken  at  a  growth  rate  of  10“i®  m  per  cycle  from 

Figure  3  are  replotted  versus  the  magnitude  of  minimum  stress  peak  in  Figure  4.  The 
relationship  between  approximately  linear  for  the  values  of 

minimum  stress  investigated.  This  figure  shows  that  an  S^iin  -208  MPa  can  reduce  the 
Kmaxth  ^tom  3.5  to  0.44  MPa/m  -  an  eight-fold  decrease.  It  is  expected  that  the 
decrease  in  K^jaxth  level  off  at  some  positive  value  since  crack  extension  is  not 

expected  for  a  coM^letely  compressive  load  cycle.  However,  investigation  of  this  region 
would  require  a  specimen  with  a  greater  lateral  stiffness  than  the  one  used  in  this 
investigation. 

4.  TESTS  WITH  A  CONSTANT  MINIMUM  LOAD  AND  MAXIMUM  STRESS  INTENSITY 

Tests  were  performed  to  determine  the  extent  to  which  crack  length  influenced  the 
growth  rate.  In  these  tests  the  minimum  peak  stress  was  held  constant  and  the  maximum 
stress  peak  was  decreased  as  the  crack  grew  to  maintain  a  constant  maximum  stress  inten¬ 
sity. 


Figure  5  shows  the  results  of  a  test  at  zero  minimum  load  (R  •  0)  and  a  maximum 
stress  intensity  of  6.6  MPa/m  (twice  the  threshold  stress  intensity  at  R  •  0).  A  con¬ 
stant  growth  rate  independent  of  crack  length  is  observed.  Data  for  a  second  test  in 
which  the  minimum  peak  stress  was  held  at  -208  MPa  and  the  maximum  stress  intensity  at 
1.65  MPa/m  are  also  shown  in  the  figure.  Again,  the  crack  growth  rate  remains  constant  as 
crack  length  increases.  Furthermore,  the  crack  growth  rate  observed  corresponds  to  that 
found  for  the  same  Kgiax  ^In  constant  minimum  load  K-increasing  test  shown 
in  Figure  3. 

Figure  6  represents  crack  growth  data  for  a  specimen  tested  at  a  constant  minimum 
peak  stress  in  which  the  maximum  stress  intensity  was  successively  held  constant  for  a 
period  of  time  at  each  of  three  values.  No  variation  of  growth  rate  with  crack  length  is 
evident  at  any  of  the  l^nax  l«vela  and  again  the  growth  rates  observed  correspond  to 
those  found  in  the  constant  Sg,in'  K-increasing  test  of  Figure  3. 

It  appears  then  that  steady  crack  growth  rates  are  dependent  on  aiaxiaiuai  stress 
intensity  and  minimum  peak  stress  but  not  on  crack  length. 
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5.  TESTS  WITH  A  CONSTANT  R  RATIO 

The  two  test  series  above  Indicate  that  when  the  minimum  stress  is  held  constant, 
the  crack  growth  rate  remains  constant  and  independent  of  crack  length  for  a  given  value 
of  K~ax'  results  also  imply  that  each  value  of  S,,£p  would  yield  a  separate  crack 
growth  curve  and  that  Kmax  itecreasing  and  Kniax  increasing  data  would  coincide  if 
Smin  wore  held  constant  although  the  crack  length  Manges  throughout  the  test. 

Threshold  and  crack  growth  data  are,  however,  usually  obtained  from  tests  with  a 
constant  R  ratio  (Smin/^ax^*  these  tests  the  magnitude  of  the  maximum  and  mini¬ 
mum  stress  to  yield  a  given  Kx,ax  value  depend  on  the  crack  length.  On  the  basis  of  the 
above  observations,  it  would  be  expected  that  data  obtained  in  the  constant  R  ratio  tests 
would  not  be  unique  since  a  given  Kmax  value  could  be  combined  with  various  minimum 
stress  levels  in  different  tests  and  at  different  crack  lengths  in  the  same  teat  when  a 
K-decreasing  phase  is  followed  by  a  R-increasing  phase  in  a  typical  threshold  test. 


Figure  7  shows  the  crack  growth  data  obtained  from  tests  in  which  was  first 
decreased  and  then  increased  at  a  constant  R  ratio.  During  the  decreasing  j^ase  maximum 
and  minimum  stresses  were  decreased  in  the  same  ratio  until  crack  arrest  occurred.  Then 
both  were  increased  slightly  and  held  constant  to  obtain  the  K-increasing  crack  growth 
data.  Note  that  during  this  second  phase  also  remained  constant.  The  K-increasing 
and  K-decreasing  curves  do  not  coincide,  indicating  that  data  obtained  in  this  way  are 
not  unique.  Unfortunately  has  not  generally  been  recognized  as  an  important  vari¬ 
able  and  test  data  available  in  the  literature  usually  specify  only  stress  intensity  and 
R  ratio.  While  this  data  is  unique  for  the  special  case  of  R  =  0  where  the  minimum 
stress  is  zero,  values  for  other  R  ratios  can  vary  from  investigation  to  investigation, 
depending  on  the  magnitude  of  minimum  stress  associated  with  a  given  stress  intensity. 
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6.  PERIODIC  SINGLE  COMPRESSIVE  OVERLOADS 

Results  presented  so  far  show  that  the  threshold  value  of  maximum  stress  intensity 
is  decreased  and  crack  growth  rates  increased  in  the  near  threshold  region  as  the  magni¬ 
tude  of  continuously  applied  compressive  stress  cycles  is  increased.  The  next  series  of 
tests  examines  the  effect  of  periodic  applications  of  a  compressive  overload  on  subse¬ 
quent  zero  to  tension  cycles  in  the  near  threshold  region. 

Aluminum  alley  specimens  were  subjected  to  the  intermittent  overloads  followed  by 
zero  to  tension  load  cycles  shown  schematically  in  Figure  8.  The  load  spectrum  was  gener¬ 
ated  by  a  process  control  computer  with  the  assistan  e  of  some  simple  analog  circuits. 
Referring  to  Figure  8,  n  pulsating  zero  to  tension  c.cles  were  applied  to  the  specimen 
between  applications  of  each  single  compressive  overload  having  a  magnitude  of  208  MPa. 
Both  n  and  the  magnitude  of  the  periodic  compressive  overload  were  held  constant  through¬ 
out  a  test. 

Figure  9  presents  results  from  the  tests  on  the  aluminum  alloy.  The  n  «  1  curve 
reproduces  the  data  of  S^iin  *  -208  MPa  of  Figure  3  in  which  the  compressive  overload 
accompanies  each  zero  to  tension  cycle;  the  n  >  •  curve  reproduces  the  R  ■  0  zero  to 
maximum  load  test  in  which  no  overloads  are  applied.  These  define  upper  and  lower  bounds 
for  growth  rate  at  all  other  n  values.  Somewhat  unexpectedly  results  for  the  other  tests 
at  n  -  250,  500,  1000,  2000,  5000  and  50,000  fall  close  to  one  another.  This  indicates 
that  the  effect  of  a  single  compressive  overload  in  accelerating  crack  growth  persists 
for  at  least  50,000  cycles. 

Attempts  to  detect  fatigue  striation  differences  between  the  various  overload  tests 
and  between  these  tests  and  the  zero  to  maximum  tension  test  by  scanning  microscopy  were 
not  successful.  No  surface  markings  corresponding  to  the  overloads  could  be  observed  on 
the  fracture  surface. 

DISCUSSION 

Continuous  application  of  compressive  stress  cycles  decreases  the  threshold  and 
Increases  near  threshold  crack  growth  rates  dramatically  in  the  aluminum  alloy  examined. 
The  ;uRount  of  the  decrease  in  the  maximum  stress  intensity  at  the  threshold  increases 
with  increasing  compressive  stress  level.  A  compressive  peak  stress  of  208  MPa  (about  60 
percent  at  the  yield  stress)  results  in  an  eightfold  decrease  in  the  threshold  value  of 
maximum  stress  intensity. 
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It  appears  that  the  variables  controlling  crack  growth  are  maximum  stress  intensity 
and  minimum  stress.  When  these  two  variables  were  held  constant  crack  growth  rates 
remained  constant  as  crack  length  increased.  This  suggests  that  the  effect  of  compressive 
stress  should  be  similar  for  short  and  long  cracks. 

The  present  observations  explain  why  previous  investigations  have  generally  found 
the  effect  of  compressive  stresses  to  be  much  more  pronounced  in  crack  initiation  (short 
cracks)  than  in  crack  propagation  (long  cracks).  In  the  former  the  stress  levels  neces¬ 
sary  to  initiate  a  crack  are  of  endurance  limit  magnitude.  Threshold  stress  levels  for 
long  cracks  are  much  lower.  Consequently,  for  long  cracks  the  effect  of  compressive 
stresses  which  is  most  pronounced  in  near  threshold  crack  growth  will  be  significant  only 
when  compressive  stress  peaks  are  much  greater  in  magnitude  than  the  tensile  stress  peaks 
(large  negative  R  ratios),  an  unusual  test  condition.  It  is  not,  however,  that  compres¬ 
sive  stresses  have  less  effect  at  greater  crack  lengths  but  that  the  tensile  stresses, 
because  the  controlling  tensile  variable  is  stress  intensity,  have  an  effect  that 
increases  with  length. 

A  plausible  explanation  for  the  effect  of  compression  stress  cycles  on  crack  growth 
is  that  during  the  compressive  overload,  metal  behind  the  crack  propping  open  the  crack 
and  causing  crack  closure  at  positive  load  levels  [19]  is  flattened  and  crack  closure 
loads  are  decreased.  Residual  stresses  ahead  of  the  crack  tip  may  also  be  modified.  This 
explanation  is  consistent  with  the  observation  that  crack  growth  rates  remain  constant 
with  increasing  crack  length  when  compressive  peak  stress  and  tensile  peak  stress  inten¬ 
sity  are  held  constant.  (Preliminary  attempts  to  maintain  constant  crack  growth  rates 
below  the  R  -  0  threshold  with  constant  minimum  and  maximum  stress  intensities  eventually 
resulted  in  crack  arrest.) 

The  intermittent  compressive  overload  tests  show  that  at  low  growth  rates,  acceler¬ 
ated  crack  growth  and  a  lowered  threshold  stress  Intensity  persist  for  a  large  number  of 
cycles  following  a  compressive  overload.  Even  after  50,000  cycles  threshold  values  are 
still  greatly  reduced.  If  the  assumption  that  compressive  overloads  decrease  crack  clo¬ 
sure  loads  is  correct,  a  considerable  period  of  crack  growth  is  necessary  to  re-establish 
steady  state  closure  levels. 

These  results  suggest  that  current  methods  of  estimating  crack  growth  rates  in  vari¬ 
able  amplitude  fatigue  tests  may  be  seriously  unconservative  when  the  load  history  con¬ 
tains  large  numbers  of  small  cycles.  Conditions  in  which  short  cracks  grow  out  of 
notches  are  often  accompanied  by  high  compressive  stress  cycles  which  can  accelerate 
crack  growth  during  many  subsequent  small  tensile  stress  cycles.  Similar  non  conserva¬ 
tive  assumptions  are  included  in  editing  of  small  cycles  from  variable  amplitude  load 
histories.  The  present  tests  indicate  that  small  cycles  well  below  the  constant  ampli¬ 
tude  stress  intensity  threshold  can  cause  crack  growth  following  compressive  overloads. 
The  previously  noted  results  of  Conle  and  Topper  show  that  fatigue  damage  may  indeed  be 
caused  by  small  cycles  well  below  the  endurance  limit  in  variable  amplitude  fatigue. 

CONCLUSIONS 

1.  Continuously  applied  compressive  overloads  significantly  reduced  the  threshold  values 
of  peak  stress  intensity  and  accelerated  near  threshold  crack  growth  rates  in  a 
2024-T351  aluminum  alloy. 


2.  In  the  aluminum  alloy  tested,  intermittent  application  of  a  single  compressive  over¬ 
load  reduced  the  threshold  stress  intensity  and  accelerated  near  threshold  crack  , 
growth  rates  for  up  to  50,000  small  zero  to  tension  cycles  following  the  overload's  ' 
application. 

3.  Constant  crack  growth  rates  independent  of  crack  length  when  compressive  minimum 
stress  peak  and  maximum  tensile  stress  intensity  were  held  constant  indicate  that  the 
minimum  stress  associated  with  the  compressive  overload  is  the  controlling  variable 
in  determining  the  effect  of  overloads,  rather  than  for  instance,  the  minimum  stress 
intensity. 
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SUMMARY 

An  experimental  prograsine  was  carried  out  to 
investigate  short  crack  an^nalies  whereby  short  cracks 
propagate  faster  than  long  cracks  at  the  same  calculated 
stress  intensity  factor.  This  paper  is  the  second  to  be 
issued  on  this  programme  and  contains  all  results  to  date. 
Fatigue  tests  were  carried  out  on  notched  2L6S  aluminium 
alloy  specimens  under  const^mt  and  variable  eunplitude 
loading.  Measurements  of  comer  cracks  growing  from 
holes  were  taken  down  to  crack  lengths  of  O.Olmm  using 
replicas.  Under  constant  amplitude  loading  short  crack 
anomalies  were  identified  at  zero  mean  stress  but  not  at 
R=0  (zero  to  peedc)  loading.  Under  Gaussi£m  rand<m 
loading  much  greater  anomalies  were  Identified.  A 
linear  summation  of  constant  amplitude  crack  rates  to 
predict  those  under  Gaussian  random  loading  gave 
predictions  that  were  too  slow  at  short  crack  lengths 
and  too  fast  at  longer  crack  lengths*  It  is  suggested 
that  at  short  crack  lengths,  cracks  remain  open  below 
zero  stress,  due  to  the  relatively  large  plastic  zone. 

The  effect  is  particularly  marked  under  variable  an^litude 
loading;  high  loads  lower  the  crack  closure  stress  and 
accelerate  crack  growth,  in  contrast  to  long  crack 
behaviour. 


1.  INTRODUCTION 

Before  crack  growth  prediction  techniques  based  on  fracture  mechanics  were  developed,  the  fatigue  life 
of  aircraft  structure  was  detemined  from  curves  of  life  cycles  to  failure  related  to  nominal  stress  and 
stress  concentration  factor.  Problems  of  durability  and  strength  of  fatigue  damaged  structures  in  service 
hastened  the  introduction  of  life  assessment  techniques  based  on  the  prediction  of  crack  growth.  The 
notable  example  of  a  requirement  for  this  is  MIL  SPEC  834441.  in  this  document  an  initial  flaw  of  ".005 
(0.125mm)  is  assumed  to  exist  at  every  hole.  This  flaw  size  is  Intended  to  tedce  crack  initiation  as  well 
as  propagation  into  account  since  it  is  in  practice  an  equivalent  initial  flaw  which,  using  current  crack 
prediction  techniques,  gives  a  fatigue  life  which  is  equivalent  to  lives  typical  of  service  experience^. 

However,  there  is  some  question  as  to  whether  conventionally-applied  fracture  mechanics  will  predict 
accurately  crack  rates  at  short  crack  lengths.  In  experimental  investigations  into  crack  growth  rates  and 
growth  thresholds  at  short  crack  lengths  a  number  of  investigators  e.g.5-6  j^ave  concluded  that  an  anomaly 
exists,  typically  for  cracks  shorter  thM  about  0.25iin  although  individual  investigators  put  this  limit  as 
low  as  O. Imn  or  ^ls  high  as  O.Snn.  In  nearly  every  case  it  was  found  that  for  short  cracks,  crack  rates 
were  higher  than  for  long  cracks  at  the  same  calculated  stress  intensity  factor.  There  is,  then,  the 
possibility  that,  since  in  most  cases  as  considerable  portion  of  crack  growth  life  is  obtained  from  the 
growth  at  small  crack  sizes,  conventionally  applied  fracture  mechanics,  between,  say,  0.125iin  and  0.25mm, 
could  greatly  underestimate  life.  An  improved  understanding  of  short  crack  effects  could  be  en^^loyed  either 
to  modify  crack  growth  prediction  techniques  or  to  provide  a  more  certain  base  for  the  equivalent  initial 
flaw  size. 

This  paper  describes  all  the  results  to  date,  with  discussion,  from  an  investigation  into  crack 
propagation  at  short  crack  lengths  under  constant  and  variable  amplitude  loading.  Some  of  this  work  has 
been  reported  previously^  where  it  was  found  that  short  crack  anomalies  were  very  marked  under  Gaussian 
random  loading  but  not  so  evident  under  constant  amplitude  loading.  As  described  later  in  this  paper  it  was 
found  that  there  were  significant  variations  in  the  mean  stresses  applied  in  the  earlier  investigation. 

This  would  be  expected  to  affect  the  crack  rate,  an  effect  most  i^parent  in  the  constant  asplituds  data  and 
could  eaqplain  why  the  short  crack  anomaly  was  not  consistently  observed.  Further  tests  under  oonstant 
amplitude  loading  using  carefully  controlled  oonditions  are  reported  in  this  paper  at  two  different  stress 
ratios  end  R*-l) .  The  results  of  these  tests  airport  the  hypothesis  that  short  crack  anomalies  are 
associated  with  crack  closure. 


2. 


SPECIMEN  AND  MATERIAL 


The  test  specimen  used  in  this  Investigation  was  a  centre -notched  specimen  as  shown  lx.  i-'ig.l.  In 
J  direct  tension  the  stress  concentration  factor  was  calculated  as  2.3.  However,  for  the  work  described 
in  this  paper  the  specimen  was  tested  in  four  point  bending  and  so  the  stress  concentration  factor  was 
slightly  lower  at  1.9.  The  material  used  was  to  specification  BS  2L65  being  the  fully  curtificially-aged 
version  of  a  4%  Cu-Al  alloy.  Nominal  chemical  composition  and  tensile  properties  are  given  in  Table  1. 
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FIG  1:  Notched  Specimen 


3.  FATIGUE  TEST  PROCEDURE 

The  specimens  were  tested  in  four  point  bending  with  the  loads  applied  by  steel  rollers  as  shown  in 
Fig.l.  By  using  this  method  fatigue  cracks  did  not  initiate  down  the  bore  of  the  hole.  In  any  test  up  to 
four  cracks  initiated  reliably  at  the  'corners*  of  the  6.4mm  dieuseter  hole,  as  shown,  emd  grew  across  the 
plane  faces  A  and/or  B.  The  lengths  of  the  cracks  were  monitored  by  replicas  applied  to  the  plane  faces  at 
suitable  intervals.  Measurement  of  surface  cracks  in  this  case  was  found  to  be  a  good  method  of  determining 
the  progress  of  the  crack  fronts  since,  as  can  be  seen  from  Fig. 2  subsequent  fractogr^hic  examination  showed 
that  the  cracks  consistently  approximated  to  quarter-circles  up  to  crack  lengths  of  about  2mm. 

Variable  amplitude  loadings  used  were  Gaussian  random  and  FALSTAFF  as  illustrated  in  Figs. 3a  and  3b 
respectively.  The  constant  eunplitude  and  Gaussian  random  tests  were  carried  out  in  a  60KN  resonant  fatigue 
machine  modified  for  reuidom  loading,  as  described  previously^.  FALSTAFF  testing  was  carried  out  in  a  lOOKN 
electrohydraulic  fatigue  machine. 

4.  CALCULATION  OF  STRESS  INTENSITY  FACTORS 

Recently  a  theoretical  investigation  into  the  influence  of  crack  growth  pattern  on  damage  tolerance  life 
prediction  was  carried  out^*^^.  One  of  the  configurations  of  structural  element  used  for  this  exercise  was 
idantical  to  that  of  the  test  section  of  the  specimen  in  the  present  work.  A  stress  intensity  factor 
solution  was  derivad  for  tha  element  under  direct  stress  assuming  quarter  elliptical,  Including  quarter 
circular,  cracks  growing  from  the  corners  of  the  hole.  The  method  started  with  the  factor  for  an  ellipse 
enbedded  in  an  infinite  solid,  and  then  incorporated  suitable  adjustments  for  the  presence  of  the  hole  and 
the  boundaries  of  the  element.  For  the  purpose  of  the  current  investigation  tha  solution  was  modified  to 
account  for  the  stress  gradient  due  to  the  fact  that  the  specimens  ware  tested  in  bending. 


Fracture  surface  of  failed  specimen  under  Gaussian  random  loading 
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FIC.4:  Calculated  stress  intensity  factors  for  a  maximum  stress 
at  the  stress  concentration  of  IMN  m'^ 


Fi9.4  shows  the  derived  stress  intensity  factors  for  the  edge  of  the  crack  propagating  along  the  bore 
of  the  hole  and  also  across  the  plane  surface  of  the  specimen.  As  can  be  seen  the  two  solutions  were  close 
together  at  the  shortest  crack  length  but  at  l.Smm  crack  length  the  stress  intensity  factor  for  the  surface 
was  calculated  as  about  66%  greater  than  that  down  the  bore.  This  is  similar  to  a  result  obtained  by  Raju 
and  Newman^^  for  a  s.lmllar  configuration^  but  using  finite  elements.  It  would  be  expected*  then*  that  the 
crack  front  along  the  surface  would  propagate  mu<d^  faster  than  that  along  the  bore*  in  conflict  with  the 
observed  quarter-circular  shape  of  the  cracks  (Section  3) .  However*  the  prediction  of  crack  growth  with 
curved  crack  front  Is  not  well  understood.  It  has  been  demons trated^^  that*  using  calculated  surface  stress 
intensity  factors  at  each  end  of  corner  cracks  to  determine  crack  rates*  and  allowing  the  calculated  crack 
to  develop  into  an  ellipse*  the  resulting  crack  front  shape  tended  to  be  too  elongated.  In  the  present  work 
the  cracks  were*  as  stated  above*  relied}ly  queurter-circular  up  to  2mm  length*  vdiich  Inplied  at  first  sight 
relatively  constant  stress  Intensity  factors  around  the  crack  front.  It  is  well  established*  however*  that 
stress  intensity  factors  vary  around  the  fronts  of  quarter-circular  cracks.  This  suggests  that  some  average 
value  should  be  used  in  the  analysis  of  the  data  although  it  should  be  appreciated  that  the  configuration 
in  the  present  work  was  complex  and  the  stress  intensity  factor  solution  could  probed>ly  be  improved. 


In  analysing  the  data  it  was  decided  to  use  for  this  paper  the  average  of  the  calculated  stress 
intensity  factors  for  the  bore  and  the  surface.  In  order  to  minimise  errors  crack  rates  were  plotted  in 
this  paper  for  crack  lengths  up  to  only  about  l.Smm.  However*  the  whole  analysis  was  repeated  using  first 
the  calculated  bore  stress  intensity  factor  and  then  that  of  the  surface.  No  essential  differences  in  the 
patterns  of  the  data  which  could  affect  the  conclusions  of  this  paper  were  noted  in  either  case. 

5.  RESULTS  AND  DISCUSSIONS 

Sections  .5.1  to  5.7  present  and  discuss  all  the  test  results  to  date.  The  discussion  from  the  previous 
work^  is  incorporated. 

In  Section  5.1  test  results^  under  constant  amplitude  loading  at  R»-l(zero  mean  stress)  are  presented 
and  discussed.  S<xne  evidence  for  short  crack  anomalies  we»  found  together  with  considerable  scatter. 

In  Section  5.2  a  mech£mism  for  short  crack  anomalies  involving  crack  closure  is  suggested.  A  consequence 
of  this  is  that  such  anomalies  may  be  dependent  on  mean  stress  or  residual  stress.  Accordingly*  Section  5.2 
describes  the  results  of  constant  amplitude  tests  at  R«-l  on  specimens  which  had  been  subjected  to  a  series 
of  stress-relieving  loads  prior  to  testing.  The  dependence  of  short  crack  emomalies  on  meeui  stress  is 
investigated  further  in  Section  5.3  with  the  results  of  tests  at  R*0  (zero  to  tensile  cycling). 


At  this  point  it  was  discovered  that  significant  mean  loads  could  be  e^plied  inadvertently  whilst 
tightening  the  rollers  on  the  bending  rig,  no  matter  how  careful  the  tightening  procedure.  It  was 
therefore  decided  to  repeat  the  zero  cuid  tensile  mean  stress  tests  under  better  controlled  conditions.  The 
test  procedures  and  results  cure  described  in  Sections  5.4  and  5.5  for  the  cases  of  R^O  and  R=-l  respectively. 
Section  5.5  also  summeurises  the  conclusions  of  the  constant  amplitude  tests.  Test  results  under  Gaussiem 
random  and  FALSTAFF  loading  are  described  in  Sections  5.6  and  5.7  respectively. 


The  fatigue  test  results  are  presented  in  Tables  2  and  3  for  the  cases  of  constant  amplitude  emd 
variable  amplitude  loading  respectively. 


5.1  Constant  Amplitude  Crack  Propagation  Results  at  R--1  (from  Ref. 7) 


The  data  obtained  from  the  replicas  were  plotted  out  in  terms  of  length  vs.  cycles,  cuid  crack  rates 
were  derived  from  these  plots  by  drawing  tangents  meuiually  and  calculating  the  slope.  Normally  only  one 
such  curve  was  obtained  for  each  specimen  as,  under  constant  amplitude  loeu3ing,  in  general  only  one  crack 
initiated  per  test.  Fig. 5  shows  plots  of  crack  rate  vs.  range  of  stress  intensity  factor  bK.  As  is 
conventional  in  this  type  of  plot  the  value  of  /^K  used  was  the  tensile  part  only,  the  compressive  peurt 
being  ignored.  Results  are  shown  for  the  six  different  alternating  stress  levels  applied  to  the  specimens. 
Note  that  the  stress  values  should  be  multiplied  by  the  stress  concentration  factor  1.9  to  obtain  uncracked 
notch  root  stresses. 
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FIG.  5:  Constant  eunplitude 
crack  rates  at  R=-l 


It  can  be  seen  from  Flg.S  that,  at  first  sight,  stress  intensity  factor  was  fairly  successful  in 
correlating  crack  rate  curves  at  different  applied  stress  levels.  Although  there  was  considerable  scatter, 
test  points  from  different  stress  levels  appeared  to  be  distributed  in  a  relatively  random  fashion  throughout 
the  scatter  band.  However,  Fig. 6  which  shows  the  same  data  as  Flg.S  except  that  related  test  points  have 
been  joined  by  continuous  curves,  indicated  evidence  of  ancoalous  behaviour  at  the  lower  ends  of  the 
individual  curves.  As  can  be  seen  there  was  a  tendency  for  some  individual  curves  to  turn  leftwards  at  the 


lower  ends.  Out  of  the  eleven  curves  plotted,  five  turned  sharply  to  the  left,  three  showed  no  great 
tendency  to  turn  and  the  three  remaining  tended  to  turn  downwards.  Such  leftward  turns,  if  occurring  at 
increasing  higher  crack  rates  for  increasing  net  .;e8t  stress  values,  indicate  a  short  crack  anomaly  as 
discussed  in  Section  1,  where  short  cracks  propagate  faster  than  expected. 


FIG. 6:  Constemt  amplitude 
crack  rates  at  R=-l  with 
related  points  joined 


Although  it  was  not  felt  that  a  short  crack  ancxoaly  was  conclusively  demonstrated  from  these  results, 
was  shown  to  be  a  possibility.  Some  supporting  evidence  for  this  can  be  seen  by  comparing  Pearson* s^^ 
long  crack  data  plotted  in  Fig. 6  with  the  present  data.  As  can  be  seen  the  general  slope  of  the  present 
data  was  considerably  shallower  than  that  of  Pearson,  and  showed  no  tendency  to  turn  over  towards  the  crack 
growth  threshold  for  long  cracks  as  measured  by  Frost^  and  shown  on  Fig. 5. 

It  was  been  suggested^^  that  short  crack  anomalies  under  constant  amplitude  loading  can  be  explained 
by  crack  closure.  The  closure  of  long  cracks,  tested  at  R«-l,  when  load  approaches  zero,  Is  well  established. 
It  is  argued  that  at  short  crack  lengths  the  plastic  zone  is  large  compared  with  the  crack  length  and  props 
it  open  so  that  it  does  not  close  until  some  way  into  compression.  Thus  the  effective  ramge  of  stress 
intensity  factor  at  short  crack  lengths  is  greater  than  at  long  and  the  crack  propagates  faster. 

A  consequence  of  the  above  explanation  is  that,  under  fully  tensile  loading,  both  long  and  short  cracks 
ax«  open  for  the  greater  part  of  the  stress  range,  emd  very  little  short  crack  anomaly  would  be  expected. 
Examination  of  Fig. 6  shows  that  the  two  curves  propagating  fastest  did  not  show  the  anomaly.  If  it  is  assumed 
that  these  curves  were  effectively  at  a  tensile  (residual)  mean  stress  due  to  manufacture  then  this  is 
consistent  with  the  above  explanation.  For  this  reason  the  next  two  sections,  5.2  and  5.3,  investigate  the 
effect  of  mean  stress  due  to  residual  stresses  and  a  change  in  mean  stress  respectively. 


5.2  Constant  amplitude  crack  propagation  results  at  R— 1  with  "stress  relieved” specimens 

On  the  basis  of  the  model  discussed  in  Section  5.1  it  would  be  expected  that  specimens  without 
manufacturing  residual  stresses  would  show  lower  scatter  and  more  consistent  anomalies  at  R=-l  than  those 
with  residual  stresses.  To  examine  this  hypothesis  a  number  of  specimens  were  subjected  to  a  series  of 
stress  relieving  axial  alternating  preloads  prior  to  testing  in  the  bending  configuration.  The  preloads 
were  applied  at  zero  mean  load  and  started  with  a  load  large  enough  to  cause  notch  root  plasticity. 
Subsequent  loads  were  gradually  decayed  to  zero  in  a  20  step  sequence.  The  magnitude  of  the  highest  load 
was  designed  to  cause  plasticity  at  the  notch  root  to  a  depth  of  l.Simi  using  Howland's  data^^.  The  crack 
propagation  tests  were  carried  out  under  the  same  conditions  as  described  in  Section  5.2  and  are  presented 
in  Fig. 7.  It  can  be  seen  from  Fig. 7  that  all  of  the  curves  turn  to  the  left  at  the  short  crack  lengths. 
However,  it  cannot  be  said  that  this  trend  was  any  more  marked  in  this  case  than  in  Fig. 6  or  that  scatter 
was  necessarily  less.  More  data  would  be  required  for  that. 


PIG.?!  Constant  amplitude 
crack  rates  at  R—l 
Stress  relieved  specimens 


However,  as  discussed  in  Ref. 4  and  Section  7  the  possibility  exists  that  the  anomalies  were  due  to 
residual  stresses.  A  conoluslon  drawn  from  the  tests  described  In  this  section  was  that  residual  stresses 
were  not.  In  this  Investigation,  the  cause  of  short  crack  anomalies  because  they  were  found  In  specimens 
which  had  bean  cycled  to  be  affectively  stress  frse  at  and  near  the  root  of  the  stress  concentration. 

5.3  Constant  amplitude  crack  propagation  results  at  R«« 

These  tests  were  carried  out  In  order  to  Investigate  the  hypothesis  as  discussed  In  Section  5.1  that 
these  under  fully  tensile  loading  would  show  a  much  reduced  short  crack  anomaly.  Hie  test  results  are 
presented  In  Fig. 8  and  ware  all  at  RK). 

A  comparison  with  Fig. 6  shows  two  noteworthy  differences.  First,  as  suggested  In  Section  5.1,  there 


were  no  indications  of  any  anomalous  behaviour  at  short  crack  lengths.  All  the  curves  turned  downwards  at 
the  bottcxft. 
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FIG. 8:  Constant  amplitude 
crack  rates  at  R=0 


However,  there  was  a  noteworthy  reduction  in  scatter.  This  Is  consistent  with  residual  (mean)  stresses 
giving  rise  to  scatter  because  a  change  In  mean  stress  for  a  test  at  R>-1  Is  effectively  an  equal  change  In 
the  alternating  stress  range,  due  to  crack  closure  at  zero  stress.  At  R^O  an  Increase  In  the  mean  stress 
only  changes  the  meeut  stress  Intensity  factor.  Therefore  Increases  In  maan  stress  for  R-O  loading  are  not 
as  effective  in  changing  crack  rate  as  for  R«-l  loading,  and  mean  stress-related  scatter  will  be  greater  In 
the  latter  case. 

It  was  at  this  point  In  the  Investigation  that  variations  In  the  mean  stress  were  discovered  due  to 
tightening  the  rollers  on  the  bending  rig  giving  another  cause  of  mean  stress-related  scatter  which  applied 
to  all  the  results  discussed  so  far  and  to  all  the  variable  amplitude  tests.  This  was  Investigated  as 
described  In  Sections  5.4  and  5.5. 

5.4  Constant  amplitude  crack  propagation  results  at  with  "half  rig" 

The  results  described  In  this  section  are  a  repeat  of  those  at  R-0  described  In  Section  5.3  but  using 
"half  rig"  to  ensure  true  RaQ  loading. 

Four  of  the  loading  rollers  wore  removed,  as  shown  in  Fig.l,  The  arms  holding  the  remaining  rollers  were 
carefully  shinned  and  adjusted  prior  to  each  test  to  ensure  that  the  specimen  was  evenly  gripped.  The  mean 
load  was  applied  to  the  specimen  and  the  dynamic  load  gradually  increased  until  the  loading  waveform  was  on 
the  point  of  truncation  at  sero  load  side,  thus  ensuring  a  true  R^O  situation. 


The  results  of  these  tests  are  presented  In  rig.9.  As  can  be  seen  scatter  was  markedly  better  than  for 


the  original  Rs-i  results  (Fig. 6)  but  similar  to  that  shown  in  Fig. 8  under  the  same  loading  conditions. 

This  probably  reflects  that  fact  that  mean  load  control  for  this  data  in  Fig. 8  was  fortuitously  good  and/or 
that  variations  in  mean  load  are  not  as  important  at  R=0  as  at  R--1  (see  5.3). 


Out  of  nine  test  results  plotted  in  Fig. 9  only  one  showed  any  indication  of  the  short  crack  ancxnaly. 
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FIG. 9:  Constant  amplitude 
crack  rates  at  R=0 
Half-rig  tests 


5.5  Constant  amplitude  test  results  at  R— 1  with  strain  gauged  specimens 

The  results  described  In  this  section  and  presented  in  Fig. 10  should  be  compared  with  those  presented 
in  Fig. 6,  In  that  the  test  conditions  were  the  same  except  that  the  mean  stress  was  controlled  better  for 
the  present  tests. 

For  R>-1  It  was  found  that,  even  with  careful  shlaslng  and  adjustment,  when  all  eight  rollers  were 
used  significant  meeui  loads  could  still  be  Induced  during  tightening.  Each  specimen  tested  In  this  section 
had  a  strain  gauge  attached  to  the  net  section  away  from  the  notch.  The  specimen  was  installed  In  the  rig 
and  the  rollers  tightened  carefully,  ensuring  that  the  strain  gauge  output  remained  at  aero.  After  the 
rollers  were  tightened,  the  strain  gauge  was  removed  using  dlmethylformamlda  and  the  surface  of  the  specimen 
cleaned  so  that  replicas  could  be  used  on  the  surface. 

A  comparison  with  Fig. 6  shows  that  lq)rovlng  the  mean  stress  control  greatly  reduced  the  scatter.  The 
degree  of  Isprovament  implies  that  better  mean  stress  control  was  more  important  than  variations  In  mean 
stress  due  bo  manufacturing  residual  stresses. 

The  overall  picture  of  short  crack  anomalies  under  constant  Mplitude  loading  Is  shown  by  collaring  all 
tha  curves  nominally  at  IM)  (Figs. 6-9)  with  those  nominally  at  Re-1.  Out  of  fifteen  curves  at  ReO  only  one 
(In  Fig. 9)  showed  any  tendency  to  tha  anomaly  and  than  only  slightly.  In  oontrast,  twelve  out  of  twenty- 
three  curves  In  Figs. 6,  7  and  10  at  Re-1  showed  marked  anomalous  behaviour.  It  la  oonslderad  that  this 


difference  is  sufficient  to  verify  the  existence  of  the  anomely  for  constant  amplitude  loading.  In  the 
earlier  work,  with  only  the  results  presented  in  Fig. 6,  the  anomaly  was  not  identified  positively  because 
it  was  felt  that  the  Identified  leftward  turns  could  be  due  to  scatter.  However,  the  marked  difference 
in  behaviour  at  R«0  is  sufficient  to  reject  that  possibility. 
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FIG.  10:  Constuit  eunplitude 
crack  rates  at  R—1 
Strain  gauged  specimens 


As  discussed  earlier,  the  data  was  confused  by  the  possibility  of  residual  stresses  and  Inaccurately 
applied  mean  stresses  euid  It  may  be  that  If  stress  relieved  specimens  were  tested  at  R^l  the  anomaly  would 
be  observed  more  consistently.  However,  this  test  condition  wu  not  investigated  and  is  a  subject  for 
further  work. 

Itie  relative  absence  of  anomalies  at  was  predicted  In  the  earlier  report^  before  the  testing  was 
carried  out,  and  It  Is  concluded  that  this  result  supports  the  crack  closure  model  outlined  In  Section  5.1. 

5.6  Gaussleui  random  crack  propagation  results  at  R— 1  (from  Ref.  7) 

Fig. 11  shows  crack  rates  for  Gaussian  raivlom  loading  plotted  In  a  fashion  similar  to  that  of  the  earlier 
data  in  Fig. 6.  In  Fig. 11  the  stress  intensity  plotted  is  the  root  mean  square  value  corresponding  to  the 
conventionally  measured  rms  value  of  the  waveform  in  the  fatigue  test.  For  the  specimens  under  Gaussian 
random  loading  ooimaonly  four  cracks  were  monitored  in  each  test.  Crack  Initiation  was  much  mors  consistent 
than  in  the  constant  amplitude  tests,  a  phenomenon  which  was  attributed  to  reversed  yielding  which  occurred 
under  the  hipest  loads  in  the  random  spectrum  at  the  notch  root,  and  which  would  tend  to  negate  any 
inadvertent  ^plication  of  mean  stresses  other  than  aero. 

As  can  be  seen  from  Fig. 11,  the  correlation  of  crack  rata  with  stress  intensity  factor  was  not  good  for 
the  data  obtained  at  different  stress  levels.  Although  not  completely  consistent  there  was  a  strong  trend 
for  cracks  in  speelasns  at  the  highest  stresses  to  pr^agate  fastest,  i.a.  at  a  given  stress  intensity  the 
shortest  cracks  pn^agata  faataat. 
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Thus  It  was  concluded  that  a  much  stronger  short  crack  anoioaly  existed  for  Gaussian  random  loading  at 
zero  mean  stress  than  for  constant  amplitude  loading. 
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FIG. 11:  Gaussian  random 
crack  rates  at  R»-l 


5.7  FALSTAFF  crack  propagation  results  (from  Ref.  7) 

Crack  propagation  data  under  FALSTAFF  loading  Is  plotted  In  Fig. 12.  The  stress  Intensity  factor  plotted 
Is  the  peak  value  as  calculated  assuming  no  notch  root  plasticity.  It  should  be  appreciated  that  FALSTAFF 
loading  Is  predominantly  tensile.  However,  In  the  present  tests  the  highest  loeuls  were  high  enough  to  give 
local  yielding  at  the  notch  root.  Therefore  a  residual  stress  would  have  bean  Induced  by  the  first  ig>pllca- 
tlon  of  the  highest  load.  This  would  have  reduced  the  local  mean  stress  In  the  region  of  the  notch  root  emd 
hence  slowed  the  crack  growth  rate.  The  cracks  propagate  through  this  region  of  lowered  mean  stress  and  the 
crack  rate  would  be  expected  to  have  been  affected  most  at  the  shortest  crack  lengths  where  the  magnitude  of 
the  residual  stress  was  at  Its  greatest.  This  situation  was  In  contrast  to  that  for  the  Gaussian  loading  at 
zero  mean  stress.  Since  Gaussian  loading  is  aynaetrlcal  it  Is  to  be  expected  that  alternating  plasticity 
occurred  under  the  highest  tensile  and  compressive  loads.  This  would  have  a  stress-relieving  effect  and 
ensure  that  propagation  under  the  lower  loads  was,  at  least  Initially,  In  an  effectively  stress-free  specimen. 

As  can  be  seen  from  Fig.  12,  the  data  la  somewhat  limited,  being  only  the  results  of  ttro  tests  at  the 
same  stress  level.  The  significance  of  the  results  is  bast  appreciated  In  relation  to  the  predicted  values, 
as  discussed  In  Section  6.2. 
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FIG. 12:  FALSTAFF  crack  rates 


6.  CUMULATIVE  DAMAGE  CALCULATIONS 

6.1  Cunulatlvc  damage  calculations  for  Gaussian  random  loading 

The  crack  rate  under  Gausslem  random  loading  was  calculated  from  each  set  of  constant  amplitude  data, 
nis  method  used  was  a  simple  linear  summation  of  the  constant  amplitude  levels  weighted  according  to  the 
measured  probability  distribution  of  peaks  In  the  random  loading.  Crack  closure  at  zero  load  was  assumed. 
The  mean  curves  used  for  the  predictions  are  plotted  In  Figs. 5,  7-10.  It  was  assumed  that  the  curves  cut 
off  sharply  at  the  crack  growth  threshold.  Predictions  were  mads  for  two  assumed  threshold  values,  the 
'long  crack'  and  'short  crack'  values  measured  by  Frost^  (see  Fig. 5). 


As  can  be  seen  from  Fig. 13  the  predictions  from  all  sets  of  constant  aiqplltudc  data  are  similar.  The 
prediction  from  the  prestrassad  data  has  a  shallower  slope  than  the  others,  probably  due  to  the  limited  data 
available.  The  predictions  also  show  very  little  difference  between  the  two  assumed  thresholds.  Hotnver, 
at  the  shortest  crack  lengths,  l.e.  occurring  with  the  lowest  stress  Intensity  factors  and  the  highest  net 
surface  stresses,  all  of  the  predictions  greatly  underestimate  the  crack  rate.  Conversely,  at  the  longer 
crack  lengths  (highest  stress  Intensity  and  lowest  net  surface  stresses)  the  crack  rate  was  overestimated, 
as  Is  ccmiBon  for  variable  amplitude  loading  at  long  crack  lengths. 
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PIG. 13:  Gaufisicm  random 
crack  rates  at  R=-l  with 
cumulative  damage  predictions 


6.2  Cumulative  damage  calculations  for  FALSTAFF 

Crack  rates  under  FALSTAFP^^  were  calculated  from  the  constant  amplitude  data  in  Figs. 5,  7-10.  The 
method  used  was  the  same  as  for  Gaussian  loading  (Section  6.1)  except  that  there  were  additional  considera¬ 
tions  which  were  due  to  the  irregular  nature  of  the  waveform  (see  Fig. 3b) .  Before  the  cumulative  damage 
calculations  were  carried  out  rainflow  counting^®  was  used  to  give  a  logical  Interpretation  of  the  loading 
sequence  in  terms  of  numbers  of  cycles  at  different  mean  and  alternating  stress  levels.  The  cumulative 
damage  calculations  were  then  carried  out  as  before.  Crack  rates  for  individual  cycles  were  determined  as 
those  for  the  same  stress  intensity  factor  range.  In  Figs. 5,  7-12  no  extra  allowance  was  made  for  mean 
stress  intensity  factor.  Compressive  parts  of  any  stress  intensity  factor  range  were  Ignored. 

The  calculated  crack  rates  under  FALSTAFF  loading  are  ccmpared  with  the  experimental  values  in  Fig. 14. 

As  before,  predictions  were  made  using  the  rate  data  in  Figs. 5,  7-10,  but  with  the  two  assumed  thresholds. 

In  this  case  the  effect  of  changing  the  assumed  threshold  value  was  rather  more  marked  than  for  Gaussleui 
loading.  However,  over  the  entire  range  of  the  experlmenteU  data  the  measured  rats  was  mukedly  slcMer  than 
any  of  the  predictions. 

In  view  of  the  limited  nature  of  the  data  it  was  not  possible  to  coos  to  any  firm  conclusions  iw  to  the 
presence,  or  otherwise,  of  short  crack  anomalies.  The  slopes  of  the  curves  suggested  that  any  anomalies 
were  not  as  marked  as  for  Gaussian  random  loading.  However,  for  both  specimens  the  curves,  in  a  manner 
similar  to  that  for  constant  amplitude  loading,  showed  no  tendency  to  turn  downward  at  the  lower  ends 
towards  the  thrashold(s)  as  indicated  by  the  predictions.  This  is  particularly  noteworthy  in  view  of  the 
fact  that  the  early  stages  of  crack  propagation  would  have  been  expected  to  show  slow  crack  rates  due  to 
the  action  of  residual  stresses. 


tt  was  concluded  that  more  data  was  required  to  establish  with  some  certainty  the  presence  of  a  short 
crack  anomaly  under  FALSTAFF  for  these  tests.  However,  the  limited  data  generally  supported  the  existence 
of  such  an  anomaly. 


FIG. 14:  FALSTAFF  crack  rates 
with  cumulative  damage 
predictions 


7.  CONCLUDING  DISCUSSION 

Establishing  and  accounting  for  short  crack  anomalies  is  not  a  simple  matter  because  the  number  of 
vulables  Is  so  large  and  difficult  to  control  In  a  small  thickness  of  material  near  the  surface.  For 
Instance,  a  marked  short  crack  anomaly  was  found  by  Pearson^^  In  the  same  material  as  used  In  the  present 
Investigation.  Subsequently  It  was  established  that  much.  If  not  all,  of  the  anomaly  was  due  to  Initiation 
at  inclusions.  The  Inclusions  provided  an  extra  stress  concentration  which  accelerated  the  crack  growth  at 
short  crack  lengths.  Pearson's  specimens,  as  It  happened,  provided  a  relatively  large  area  for  cracks  to 
initiate  by  'finding*  suitable  Inclusions.  Therefore  his  results  are  unlikely  to  apply  to  the  present  work 
where  the  position  of  the  Initiated  cracks  was  closely  controlled.  This  example  Illustrates  how  difficult 
It  can  be  to  take  one  Investigation  and  apply  the  results  generally,  or  even  to  compare  the  results  of  one 
investigator  with  another.  Both  Pearson's  results  and  those  in  the  present  Investigation  may  be  iq>pllcable 
to  structural  fatigue,  but  In  different  situations. 

The  eUBOve  provides  one  small  exan^la  of  the  way  the  metallurgical  state  of  metals  near  the  point  of 
fatigue  initiation  can  vary  greatly  frosi  situation  to  situation.  This  is  rarely  accounted  for  by  Investi¬ 
gators.  Additional  problems  arise  when  residual  stresses  are  considered,  either  induced  by  the  loading  or 
present  In  the  specimen  before  testing.  In  most  practical  situations  where  fatigue  failures  are  liable  to 
occur,  both  aspects  of  residual  stresses  may  be  significant. 

The  question  then  has  to  be  asked:  how  far  ware  the  results  of  the  present  Investigation  affected  by 
metallurgical  factors  and  residual  straases?  Also  is  it  possible  to  account  for  short  crack  anosutllea  by 
metallurgical  factors  and  residual  stresses  only? 


Consider  first  the  constant  amplitude  results.  As  described  In  Section  5.5  anomalies  were  positively 
Identified  at  R=-l  but  not  at  R=0.  This  makes  It  unlikely  that  metallurgical  state  near  the  surface,  for 
example  a  work  hardened  layer  due  to  machining, Is  responsible  for  the  effect.  If  such  a  layer  were  to 
accelerate  crack  growth  at  R=-l  It  Is  difficult  to  see  how  this  would  not  happen  at  R=0.  A  similar  argument 
applies  for  residual  stresses.  Additionally,  as  discussed  In  Section  5.2  the  presence  of  the  anomaly  In 
specimens  which  had  been  subjected  to  a  stress-relieving  prestress  confirms  that  residual  stresses  were 
not  responsible. 
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Turning  nc^  to  the  results  under  Gaussian  reuidom  loading,  where,  as  discussed  in  Sections  ^.6  and  6.1, 
a  very  large  anomaly  was  found,  the  question  has  to  be  asked  as  to  whether  it  arose  from  the  same  causes 
as  the  anomaly  established  under  constant  amplitude  loading.  This  is  by  no  means  certain,  particularly  as 
the  difference  in  crack  growth  behaviour  was  very  great,  as  illustrated  by  a  comparison  of  Fig. 13  with  any 
of  the  comparable  sets  of  data  obtained  under  constant  cunplitude  loading.  Ihia  very  large  difference  in 
behaviour  between  the  two  loading  actions  is  illustrated  in  a  different  form  in  Fig. 15  which  shows  typical 
curves  of  crack  length  vs.  cycles  over  the  entire  life  of  constant  amplitude  and  Gaussian  specimens.  As 
can  be  seen,  for  bota  cases,  cracks  of  about  0.5mm  were  rea<hed  at  just  over  lo5  cycles.  In  the  Gaussian 
case  the  crack  was  detected  first  at  less  than  2x10^  cycles,  but  in  the  constant  amplitude  case  a  crack  was 
detected  at  more  than  four  times  that  number  of  cycles,  accelerated  past  the  Gaussian  curve  and  failed  well 
before  it.  Returning  to  Fig. 15  it  should  be  noted  that,  as  can  be  deduced  from  Fig. 6,  long  crack  fracture 
mechanics  data  would  predict,  for  the  constant  amplitude  loading,  even  quicker  acceleration  of  growth  rate 
with  length  than  was  measured.  The  same  data  would  predict  for  Gaussian  loading  a  shape  of  curve  similar 
to  that  measured  for  constant  amplitude  loading. 
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FIG. 15:  Comparison  batwaan  shapas  of  crack  langth  vs.  nunbar  of  cyclas  curvas 
under  consteuit  amplitude  and  Gaussian  random  loading 


For  Gaussian  random  loading,  metallurgical  state  near  the  surface  is  unlik.'y  to  have  been  the  cause 
of  the  short  crack  anomaly.  In  this  case  the  argument  is  that  it  is  difficult  t-  see  how  such  an  effect 
could  have  been  so  large  for  variable  amplitude  loading  and  not  for  constant  eKi iitude.  Residual  stresses 
can  be  eliminated  as  a  cause  because  under  Gaussian  loading  the  highest  and  lowest  loads  in  the  waveform 
gave  rise  to  yielding  in  both  directions,  thus  washing  out  any  residual  stresses.  However,  the  alternating 
plasticity  due  to  the  highest  and  lowest  loads  could  be  Involved  since  it  did  not  occur  under  constant 
amplitude  loading  and  could  be  the  cause  of  the  differences  in  behaviour  under  the  two  loading  actions. 

Having  examined  and  rejected  residual  strsases  and  metallurgical  state  near  the  surface  as  possible 
explanations  for  the  short  crack  ancmalles  found  in  this  investigation,  both  under  constant  and  variable 
amplitude  loading,  the  modal  described  in  Section  S.l  will  now  be  exasdnsd  likewise.  Essentially  it  suggests 
that  crack  closure  occurs  at  strassas  below  zero  for  short  cracScs,  because  the  crack  is  propped  open  by  the 
plastic  zona,  which  in  this  case  is  large  oo^arad  with  the  crack  length.  Aa  discussed  in  Section  S.S  it 
was  deduced  in  an  earlier  pfr'  that  if  the  above  modal  were  the  oorract  one  than  ancmaliaa  would  ba  vary 
much  lass  for  R-O  loading  than  for  Rw-1.  virtually  no  such  ancoalias  wara  found  subaaguantly  at  R-O  in  tha 
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present  investigation ,  thus  supporting  the  model  for  constant  amplitude  loading.  Some  direct  evidence^^ 
linking  short  crack  anomalies  with  crack  closure  was  given  in  a  recent  review^^.  in  tests  on  52N6  steel, 
where  cracks  were  initiated  from  saw  cuts  under  constant  amplitude  loading  at  R--1,  it  was  found  that  at 
crack  lengths  less  than  about  1mm  the  crack  was  open  for  about  80%  of  the  stress  range.  This  reduced 
progressively  as  the  crack  increased  in  length,  until  for  a  crack  length  of  3mm  the  crack  was  open  for 
slightly  less  than  50%  of  the  stress  range.  This  value  was  maintained  for  crack  lengths  of  up  to  30inm. 
Although  the  material  and  method  of  initiation  were  very  different  from  that  in  the  present  work  and  so 
the  results  are  not  necesseurily  applicable,  such  behaviour  is  entirely  consistent  with  the  model  described 
above  and  could  account  for  the  anomalies  found  in  the  present  work  under  constant  an^litude  loading. 

Returning  to  the  results  under  Gaussian  random  loading,  it  cem  be  argued  as  follows  that  the  crack 
closure  model  can  explain  also  the  large  anomaly  fcaind  under  these  conditions.  Crack  closure  is  well 
established  as  a  controlling  mechanism  in  fatigue  crack  propagation  under  variedsle  amplitude  loading^O. 
Measurements  have  shown^l  that  for  long  cracks,  when  cycling  is  changed  from  a  high  alternating  stress 
level  to  a  low  one  the  crack  closure  stress  first  is  lowered,  corresponding  to  a  momentary  increase  in  the 
crack  rate  and  then  rises,  giving  a  retardation  of  the  crack  rate.  The  overall  effect  is  that  of  a 
retardation  and  it  is  believed  that  under  variable  amplitude  loading  the  observed  reteurdation  in  crack 
rate  which  occurs  when  larger  loads  are  introduced  into  the  loading  sequence  is  due  to  the  effect  of  the 
highest  loads  on  the  crack  closure  stress  under  subsequent  loads  of  lower  amplitude.  This  leads  normally 
to  variable  amplitude  crack  rates  being  measured  which  are  markedly  slower  than  those  predicted  using  the 
linear  summation  method  as  described  in  Section  6.1.  For  the  short  crack  case,  if  the  model  described 
earlier  for  short  crack  an<xnalies  is  accepted,  then  it  is  likely  that  response  of  the  crack  to  high  loads 
will  differ  from  that  at  long  cracks.  Under  constant  as^litude  loading  it  was  argued  that  the  plastic 
zone,  being  Icurge  compared  with  the  crack  length,  holds  the  crack  open  until  some  way  into  con^ression, 
i.e.  lowers  the  crack  closure  stress.  For  the  Gaussian  random  case,  as  stated  above,  the  highest  loads 
give  general  yielding  at  the  notch  root  and  are  likely  to  give  a  much  leurger  plastic  zone  thaui  under  const£mt 
amplitude  loading.  If  this  has  the  same  effect  as  under  constant  amplitude  loading  then  the  raising  of  the 
crack  closure  stress  and  retardation  of  the  crack  rate  is  unlikely  to  occur  as  at  longer  crack  lengths.  As 
discussed  in  Section  6.1  and  shown  in  Fig. 13,  crack  rates  measured  tended  to  be  faster  than  predicted  by  a 
linear  summation  of  constant  amplitude  crack  rates.  This  was  particularly  marked  at  the  shortest  crack 
length,  i.e.  lowest  stress  intensity  factor  and  highest  rms  stress  (104  MNm*^) .  Under  this  condition  cracks 
were  propagating  a  factor  of  lO  faster  then  predicted.  This  is  consistent  with  the  large  plastic  zone 
created  by  the  largest  loads  in  the  Gaussian  sequence  Inhibiting  crack  closure  under  subsequent  lower  loads 
and  hence  being  damaging.  This  extra  effect  of  the  high  loads  explains  the  greater  2uxxDaly  in  the  Guassian 
case  and  the  fact  that  achieved  rates  tended  to  be  faster  them  predicted.  At  longer  crack  lengths  achieved 
rates  tended  to  be  slower  than  predicted,  in  line  with  the  generally  accepted  beneficial  effect  of  crack 
closure  at  a  higher  stress. 

The  FALSTAFF  test  results  shown  in  Fig.  14  and  discussed  in  Section  6.2  are  rather  more  complex  to 
analyse  than  those  under  Gaussian  loading  because  of  the  existence  of  another  vauriable,  the  redistribution 
of  stresses  near  the  stress  concentration,  due  to  the  highest  loads  in  the  sequence.  Unlike  Gaussian 
loading  FALSTAFF  is  predominantly  tensile,  so  a  ccxopressive  residual  stress  would  have  developed  near  the 
stress  concentration.  This  would  be  expected  to  slow  the  crack  at  the  shortest  crack  lengths  and  tend  to 
act  in  opposition  to  any  short  crack  anomaly.  As  can  be  seen  from  Fig. 14  the  limited  data  suggested  that 
anomalies  were  present  but  not  to  the  same  extent  as  for  Gaussian  loading.  Also  the  achieved  crack  rates 
were  all  slower  than  predicted,  in  marked  contrast  to  the  picture  under  Gaussian  loading.  Thus  the  local 
redistribution  of  stresses  could  explain  the  differences  in  behaviour  under  the  two  veuriable  amplitude 
loading  actions.  However,  more  work  will  be  necessary  to  verify  this. 

8.  CONCLUSIONS 

An  experimental  programme  has  been  carried  out  to  investigate  short  crack  anomalies  wherry  short  cracks 
propagate  faster  than  long  cracks  at  the  same  calculated  stress  intensity  factor.  Fatigue  tests  were 
carried  out  on  notched  2L65  aluminium  alloy  specimens  under  constant  amplitude,  Gaussian  random  and  FALSTAFF 
lockiing.  Crack  propagation  measurements  were  taken  down  to  crack  lengths  of  0.01mm  using  replicas.  The 
following  conclusions  were  drawn: 

(1)  Under  constant  amplitude  loading  short  cradc  anomalies  were  identified  positively  at  zero  mean  stress. 
For  fully  repeated  loading  however  they  were  almost  completely  absent. 

(2)  Under  Gaussian  random  loading  marked  anomalies  were  identified.  A  linear  summation  of  constant 
amplitude  crack  rates  predicted  rates  that  were  too  slew  at  short  crack  lengths  and  too  fast  at  longer 
crack  lengths. 

(3)  It  is  suggested  that  the  explanation  for  such  anomalies  is  that  at  short  crack  lengths,  cracks  remain 
open  below  zero  stress,  due  to  the  relatively  large  plastic  zone.  The  effect  is  particularly  marked 
under  vari^d>le  amplitude  loading ;  high  loads  lower  the  crack  closure  stress  and  accelerate  crack  growth, 
in  contrast  to  long  crack  behaviour. 
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TABLE  1 


NOMINAL  MECHANICAL  PROPERTIES  AND  CHEMICAL  COMPOSITION  OF  MATERIAL 
Specification  BS  2L65 

MECHANICAL  PROPERTIES 
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8 
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Mg 

Si 
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Mn  Zn 

Ni 

Ti 
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O.  77 

0.  30 

0.73  0.04 
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Results 

frcxn  Ref.  7  (R®-!) 

CONSTANT 

AMPLITUDE 
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Strain  Gauged  Tests  (R^ 

Peak  Net 
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Surface  Stress 
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Surface  Stress 
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35 
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5 

27 
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5 
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25 
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5 

34 
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5 
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29 
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5 
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1.18  = 

30 
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1.92 

5 

28 
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1.24 

5 
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26 
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4 

31 
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5 

24 

184 
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5 
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Summary 

Several  phenomena  are  discussed  concerning  creep- fatigue  effects  on  crack 
initiation  and  propagation  in  notched  7075-T6S1  aluminum  at  room  temperature. 
Background  data  show  complete  creep  ruptures  of  smooth  specimens  in  a  time  of 

10®  s  at  stresses  about  equal  to  the  yield  strength.  Creep  rate  under  a  constant 
load  decreases  in  the  first  half  of  the  life  and  increases  in  the  second  half. 

In  notched  specimens  (K^  =  4)  tensile  overloads  with  hold  times  result  in  addi¬ 
tional  extensions  of  the  fatigue  life  beyond  that  of  brief  overloads.  ^AdrftTTolirl 
extensions  in  life  are  33%,  44%  and  55%,  for  100%  initial  overloads  with  hold 
2  3  4 

times  of  10  s,  10  s  and  10  s,  respectively.  In  specimens  with  part-through 
short  cracks,  the  overload  causes  no  crack  extension,  and  it  temporarily  decreases 
the  fatigue  crack  propagation  rate.  In  specimens  with  through  short  cracks,  the 
overload  causes  a  distinct  tunneling  rupture  during  hold  times  of  100  s  and  500  s, 
and  a  temporary  retardation  of  the  fatigue  crack  propagation  rate. 


Introduction 


In  this  paper  several  phenomena  are  discussed  concerning  creep-fatigue  effects  on  crack  initiation  and 
propagation  in  notched  7075-T651  aluminum  at  room  temperature.  Simple  loading  spectra  involving  overloads 
and  hold  times  are  used  in  the  experiments.  It  Is  well  known  that  overloads  can  alter  the  fatigue  life  of 
a  notched  member  because  of  residual  stresses  generated  In  the  plastic  zone.  Overloads  with  hold  times 
have  received  little  attention,  in  part  because  the  possibility  of  creep  in  structural  metals  at  room  temp¬ 
erature  1s  commonly  ignored.  However,  such  creep  may  occur  altering  the  service  life  of  a  member. 

Carroll  (1)  investigated  the  behavior  of  notched  7075-T651  aluminum  plates,  applying  overloads,  or 
overload-underload  combinations,  or  sustained  underload  hold  period  Immediately  following  the  overload- 
underload  combination.  He  found  that  the  sustained  underload  hold  periods  shortened  the  fatigue  life,  and 
concluded  that  a  hold  period  in  any  combination  with  an  overload  or  underload  would  affect  the  residual 
stress  (by  creep  and  stress  relaxation)  in  the  plastic  zone.  McGee  and  Hsu  (2)  investigated  crack  growth 
in  notched  2219-T851  aluminum  plates,  applying  overloads,  underloads,  overload-underload  combinations,  and 
hold  times  at  either  overloads  or  underloads.  They  concluded  that  the  underloads  following  overloads  would 
decrease  the  retardation  effect  of  the  overloads,  that  underloads  preceding  overloads  would  have  no  effect, 
that  hold  periods  in  tension  would  increase  the  fatigue  life,  and  that  hold  periods  in  compression  would 
decrease  the  fatigue  life. 

The  changes  in  fatigue  life  caused  by  hold  times  can  be  explained  using  the  concept  of  localized  creep 
strain.  Freed  and  Sandor  (3)  determined  that  creep  occurs  In  the  plastic  zones  of  notched  steel  and  alum¬ 
inum  plates  cyclically  loaded  with  a  mean  stress  at  room  temperature.  The  creep  strain  can  be  of  the  same 
order  of  magnitude  as  the  cyclic  plastic  strains.  In  the  case  of  an  overload  with  hold  time,  there  is  a 
localized,  time-dependent  deformation  which  Increases  the  residual  stress  upon  unloading  with  respect  to 
that  of  a  brief  overload. 

Background  information  for  the  present  investigation  Is  obtained  from  monotonic  tension  tests  of 
smooth  specimens.  The  results  are  presented  schematically  In  the  first  five  figures  which  are  based  on 
extensive  data  provided  by  Freed  and  IXichon  (4).  In  each  specimen  the  longitudinal  direction  and  loading 
axis  coincide  with  the  rolling  direction  of  the  plate.  Figure  1  shows  that  the  7075-T651  alloy  has  a  bi¬ 
linear  stress-strain  curve  with  nearly  flat-top  yielding.  On  the  average,  yield  and  ultimate  strengths 
are  »  515  MPa  and  »  580  MPa,  respectively.  Quite  unexpectedly,  dilatation  vs.  true  stress  (Fig.  2) 

is  also  bilinear.  This  implies  the  existence  of  triaxial  stresses  in  a  uniaxially  loaded  notched  member 
(caused  by  volume  change  differences),  and  it  complicates  future  analytical  work  concerning  notched 
members.  Figure  3  shows  two  typical  curves  for  creep  at  room  temperature.  Stress  vs.  time  to  fracture  is 
sketched  In  Fig.  4.  When  the  stress  is  slightly  above  the  yield  strength,  the  time  to  fracture  is  about 

10®  s  (about  12  days).  Fracture  data  at  stresses  below  are  not  yet  available,  but  several  test  re¬ 
sults  show  that  creep  occurs  at  stresses  as  low  as  207  MPa  at  29°C  (5).  Creep  rate  vs.  t  and  stress 
relaxation  rate  vs.  t  are  shown  in  Fig.  5.  It  Is^remarkable  that  a  long  period  of  decreasing  creep  rate 
may  lead  to  an  increasing  creep  rate  culminating  In  fracture. 

Experiments  with  Notched  Specimens 

The  plate  specimens  of  707S-T651  aluminum  are  6.4  mm  thick,  25  mm  wide,  and  64  mm  long  between  grips. 
Each  specimen  has  a  circular  notch  on  one  side  with  a  theoretical  stress  concentration  factor  of  4.  All 
tests  are  performed  at  room  temperature  In  an  electro-hydraulic,  servo-controlled  testing  system.  Load 
control  Is  used  at  a  frequency  of  20  Hz.  Crack  length  measurements  arc  made  with  an  accuracy  of  t  0,06  mm 
by  microscopically  observing  the  crack  tip  location  against  a  reference  grid  on  the  specimen  surface. 

Several  tests  arc  performed  to  determine  base-line  crack  propagation  rates  and  fatigue  life  under 
constant  amplitude  loading,  with  limits  of  2.2  kN  and  18  kN,  both  In  tension.  The  fatigue  crack  Is  first 
observed  between  8000  and  15,000  cycles,  and  the  average  fatigue  life  Is  22,000  cycles.  A  typical  test  Is 
illustrated  by  curve  A  In  Fig.  6. 


-)  A  group  of  tests  is  performed  with  100*  tensile  overloads  (36  kN)  applied  Initially  as  in  Fig.  6. 
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The  hold  time  t^  ranges  from  1  s  (the  time  for  loading  and  immediate  unloading)  to  10  s.  The  brief 

overloads  (t  =  1  s)  extend  the  fatigue  life  by  about  six  times  (Figs.  6  and  7),  which  is  an  expectable 
®  2  4 

result.  Hold  times  ranging  from  10  s  to  lo  s  cause  additional  extensions  of  fatigue  life  as  seen  in 
Figs.  6  ari  7.  In  Fig.  7  the  overloads  with  brief  hold  time  (t^^  =  1  s)  are  used  for  reference  data. 

There  is  considerable  scatter  in  the  results,  but  the  averages  are  nearly  on  a  straight  line.  The  addi- 

2  3 

tional  extensions  in  life  are  33*,  44*,  and  55*,  for  100*  overloads  with  hold  times  of  10  s,  10  s,  and 

10^  s,  respectively.  This  phenomenon  is  most  likely  caused  by  localized  creep  at  the  notch  root  during 
the  held  overload,  resulting  in  an  increased  compressive  residual  stress  upon  unloading. 

The  effects  of  brief  overloads  applied  in  various  sequences  are  shown  in  Fig.  8.  Here  Curve  A  from 
Fig.  6  is  reproduced  for  comparison.  Curve  B  indicates  that  an  overload  applied  at  about  ’s 

almost  as  beneficial  as  an  initial  overload  if  no  cracks  are  present  at  the  time  of  the  overload.  Curve 
C  represents  three  different  loading  patterns  as  summarized  in  Table  1.  C.|  is  an  average  test  with  a 

single  initial  overload  of  Tg  *  '  ^  (Fig.  7).  is  the  same  as  C.| ,  with  a  second  overload  applied  at 

=  65,000  cycles,  where  is  the  approximate  expected  fatigue  life  with  a  brief  initial  tensile 
overload.  The  second  overload  seems  to  be  ineffective  even  though  the  specimen  is  not  cracked  at  Nj.^2- 
Ten  identical  overloads  applied  initially  (curve  C^)  are  also  ineffective  in  comparison  with  one  initial 

overload.  This  is  in  contrast  to  the  results  of  Hudson  and  Raju  (6)  who  found  a  much  greater  delay  in 
crack  growth  in  the  same  metal  for  ten  initial  cycles  than  for  a  single  one.  The  reason  for  the  differ¬ 
ence  is  not  known;  probably  the  size  of  the  plastic  zone  is  a  significant  parameter. 

Compress! ve overloads  are  detrimental  as  expected.  In  Fig.  9  Curve  A  is  again  reproduced  from  Fig. 

6  for  comparison.  Curve  D  shows  that  an  initial  compressive  overload  reduces  the  fatigue  life  but  not 
drastically.  Curves  E  and  F  show  that  tensile  overloads  applied  at  about  eliminate  the  harmful 

effect  of  the  initial  compressive  overload.  is  the  approximate  expected  fatigue  life  with  a  brief 

initial  compressive  overload.  Note  that  part-through  small  cracks  present  in  specimens  E  and  F  when 
the  tensile  overloads  are  applied  (Table  1)  cause  no  crack  extension  (Fig.  9). 

Crack  growth  with  tensile  overloads  applied  to  fatigue  cracked  specimens  is  illustrated  in  Fig.  10. 
Curves  G  and  H  are  for  specimens  that  have  part-through  short  cracks  when  the  overloads  are  applied. 
These  cause  no  immediate  crack  extension,  but  a  retardation  in  crack  propagation  rate  (note  that  H  shows 
rapid  fatigue  crack  growth  before  the  delayed  propagation).  There  are  through  cracks  present  in  specimens 
I  and  J  when  the  overloads  are  applied.  These  cause  a  time  dependent  crack  extension  in  the  middle  of 
each  specimen  but  none  on  the  surfaces.  This  tunneling  is  observed  after  final  fracture  (a  sharply  de¬ 
fined,  dark  gray  area  between  the  light  gray  fatigue  fracture  surfaces).  The  maximum  central  crack  advance 
during  the  overload  is  about  0.3  mm  for  t^  »  100  s,  and  about  1.3  mm  for  t^  »  500  s.  A  similar  tunnel¬ 
ing  rupture  has  been  previously  reported  only  for  Gatorized  IN-100,  a  nickel  based  superalloy  (7).  Remark¬ 
ably,  resumption  of  fatigue  loading  in  specimens  1  and  J  causes  rapid  crack  growth  at  first,  followed 
by  a  retardation  in  crack  propagation  rate.  The  number  of  delay  cycles  is  the  same,  about  14,000,  for  the 
four  specimens  in  Fig.  10.  Thus,  noting  the  similarities  in  final  crack  propagation  rates,  the  differences 
in  fatigue  lives  are  due  to  different  crack  initiation  lives,  not  to  crack  shapes,  crack  lengths  (within 
about  2  ram),  and  hold  times.  These  results  are  similar  to  those  for  specimens  E  and  F  in  Fig.  9 
(10,000  delay  cycles  for  combinations  of  compressive  and  tensile  overloads).  The  extent  of  scatter  in  the 
experiments  involving  cracked  specimens  is  not  yet  known. 

In  conclusion,  a  given  tensile  overload  with  hold  time  is  not  necessarily  equally  beneficial  in  all 
cases.  Three  situations  are  distinguished  in  this  work:  a)  No  crack;  a  100*  overload,  with  hold  times 

4 

up  to  10  s  Investigated,  is  beneficial  for  a  member  with  a  round  notch;  b)  Part-through  short  crack ;  the 
overload  causes  no  crack  extension,  and  it  temporarily  decreases  the  fatigue  crack  propagation  rate; 
c)  Through  short  crack;  the  overload  causes  a  distinct  tunneling  rupture  during  hold  times  of  100  s  and 
500  s,  and  a  temporary  retardation  of  the  fatigue  crack  propagation  rate.  Work  continues  to  investigate 
these  phenomena . 
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Table  1 


(represents 


Crack  length 
before  overload  (mm) 


Fatigue  life  (cycles) 


constant  amplitude 

- 

T  overload  P  N  =  11,000 

0 

:  T  OL  Initially 

0 

C^:  T  OL  Initially 

0 

T  OL  @  N  =  65,000 

0 

Cjt  10  cycles  of  T  OL  Initially 

0 

C  OL  Initially 

0 

C  OL  Initially, 

0 

T  OL  @  N  »  7000 

0.38  (part- through  crack) 

C  OL  Initially, 

0 

T  OL  (tg  *  100  s)  @  N  =  8500 

crack  at  notch  center 

T  OL  0  N  =  25,000 

0.32  (part-through  crack) 

T  OL  @  N  =■  14,500 

0.25  (part-through  crack) 

t^  »  1000  s 

T  OL  @  N  >=  9000 

1.4  (through  crack) 

-  100  s 

T  OL  0  N  =  9500 

0.25  (through  crack) 

t|j  *  500  s 

128,100 


Notes:  For  any  test,  a  ■  2.2  kN,  b  •  18  kN,  c  -  36  kN, 
T  »  tension,  C  •  compression,  N  •  cycles, 

OL  •  overload,  t^^  •  1  s  unless  otherwise  noted 
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SUMMARY 

This  paper  describes  a  study  of  microcrack  growth  and  statistical  fatigue  in  terms  of  the  initial  quality  of  fastener  holes  in  aluminum 
alloy.  A  special  test  procedure  was  used  to  obtain  a  statistically  large  sample  of  data  under  spectrum  loading  by  testing  a  specimen  con¬ 
taining  24  holes  with  maximum  of  48  fatigue  data  sets.  A  total  of  seven  specimens  was  tested.  Small  crack  measurements  were  taken  by 
fractography  and  surface  observation.  Marker  cycles,  which  were  designed  to  be  part  of  the  spectrum,  served  the  intended  purpose  of 
identifying  crack  origin  and  microcrack  growth  rates  using  a  scanning  electron  microscope.  The  phenomena  of  small  crack  growth  have 
been  analyzed  from  the  extensive  data.  The  essential  physical  defects  in  2024-T3  and  707S-T6  aluminum  alloys  as  origins  of  micro¬ 
fatigue  cracking  are  the  inclusions  and  tool  marks.  ^ — ■ 


INTRODUCTION 

Analysis  of  fatigue  crack  propagation  is  utilized  in  the  durability  assessment  of  aircraft  structure.  A  current  specification,  MlL-A-83444, 
requires  that  an  equivalent  initial  flaw  be  assumed  to  exist  in  every  fastener  hole  as  a  result  of  manufacturing  and  processing  operations 
on  material  and  structure.  Damage  tolerance  requirements  specify  that  small  cracks  of  particular  shape  and  length  should  not  propagate 
to  a  critical  size  within  the  projected  lifetime  of  a  part.  In  practical  cases,  some  failed  airframe  parts  do  show  extensive  crack  growth 
during  their  service  lives.  Fairly  rapid  crack  growth  can  be  detected  in  the  latter  part  of  fatigue  life.  The  small  microcrack  growth  and 
the  process  of  crack  initiation  occur  during  most  of  the  fatigue  life.  Our  understanding  of  small  microcrack  growth  behavior  is  limited 
mainly  because  of  the  scale  factor.  The  chance  of  finding  a  crack  in  a  part  increases  with  its  size. 

The  range  of  a  practical  equivalent  initial  flaw  size  (EIFS)  to  be  used  for  engineering  analysis  has  been  of  great  interest  in  the  last  several 
years.  Several  investigations  have  been  conducted  to  define  the  statistical  quantity  of  EIFS  distribution  in  order  to  assess  damage  toler¬ 
ance  of  military  aircraft  under  the  present  military  requirements  (References  I  through  4).  The  general  procedure  for  developing  EIFS 
data  consists  of  backward  extrapolation  of  the  crack  growth  curve  to  the  zero  cycle  of  loading.  The  experimental  curves  have  been 
developed  through  regressive  analysis  of  fractographic  test  data.  However,  it  is  not  an  easy  task  to  obtain  experimental  crack  growth 
curves  to  zero  cycle  from  a  non-precracked  specimen.  Instead,  the  experimental  curves  were  correlated  to  the  analytical  curves,  and 
the  analytical  curves  were  extrapolated  to  define  the  EIFS  values. 

it  has  been  shown  in  the  quality  assessment  in  Reference  1  that  EIFS  values  may  be  obtained  through  regressive  analysis  of  experi¬ 
mental  data  only.  In  theory.  EIFS  should  represent  fastener  hole  surfaces  of  manufacturing  quality  independent  of  secondary  variables, 
such  as  the  types  of  load  spectrum,  stress  level,  material,  and  fastening  system.  These  are  the  parameteis  that  require  further  research. 

The  objective  of  this  research  is  to  investigate  microcrack  growth  behavior  and  to  assess  EIFS  distribution  for  production-quality  fas¬ 
tener  holes  under  a  relatively  long4ife  transport  load  spectrum.  The  statbtical  distribution  has  been  established  by  using  large  quanti¬ 
ties  of  lest  data  developed  in  this  investigation. 


EXPERIMENTS 


PR(KEDURE 

The  test  was  conducted  at  Douglas  Aircraft  Company  in  a  1 00,000-pound  (4S.200  kg)  MTS  machine  under  uniaxial  cyclic  loadings.  The 
loading  was  controlled  by  a  computer  preprogrammed  for  spectrum  loads.  Figure  I  shows  the  overall  view  of  the  test  setup  with  speci¬ 
men.  A  set  of  O.S-in.  (12.7  mm)  steel  plate  buckling  guides  was  clamped  on  both  sides  of  the  specimen  to  prevent  buckling  during  the 
compressive  ground  load  in  spectrum. 

The  spectrum  load  tests  were  chosen  for  their  representation  of  actual  service  loading  conditions.  The  sequential  loading  characteristic 
also  serves  as  a  crack  growth  marker.  The  basic  spectrum  for  the  open  hole  specimens  it  a  typical,  simptified  transport  spectrum  for  a 
lower  wing.  A  detailed  description  of  the  loads  spectrum  it  presented  in  Reference  S  at  the  BSb.MISCX!  Spectnim.  Figure  2  presents 
the  loading  proflie  of  a  flight,  and  Figure  3  shows  the  sequence  of  high  peak  loads  in  a  repeat  of  the  spectrum,  which  consisted  of 
3,843  nights.  These  high  peak  loads  are  arranged  in  such  a  way  that  the  markets  corresponding  to  the  peaks  ate  always  identiFiable  in 
the  fracture  surface  to  the  accumulated  Right  number. 

The  test  specimens  reported  in  this  paper  consist  of  the  different  conngurstiont  of  2024-T3  and  707S-T6  aluminum  alloy  sheet.  The 
descriptions  ate  listed  in  Tabie  I .  The  fastener  holes  were  fabricated  in  the  Manufacturing  department. 


FIGURE  3.  SEQUENCE  OF  APFLIEO  MARKER  CVCLES  AND  EXAMPLE  OF  CORRESPONDING  MARKERS  ON  A  FRACTURE  SURFACE 


TABLE  1 

STATISTICAL  FATIGUE  LIFE  DISTRIBUTION  IN 
OPEN  HOLES  AND  HOLES  WITH  CLEARANCE 
FIT  SCREWS  IN  2024-T3  AND  707B-TI 


TOTAL  FLIGHTS 
TO  o.io-m. 
CRACK 

LIFEIN 

MACROCRACK  GROWTH 
FROM  0.010  TO  0.10  Hi. 

PERCENT  OF  LIFE  IN 
MICROCRACK  (a  <  O.OlOttU 
GROWTH  INCLUDING 
CRACK  miTIATION  ±  lo 

SPECIMEN 

DESCRIPTION 

NO.  OF 
CRACKS 

MEAN 

STOEV 

(FLIGHTS) 

(PERCENT 

OF  TOTAL) 

0.071  m.  2024-T3 
COUNTERSINK 
OPEN  HOLES 

48 

42.979 

5,401 

25,000 

52  TO  87 

33  TO  48 

0.280  IN.  2024-T3 
COUNTERSINK 
OPEN  HOLES 

98 

48,000 

7,998 

20,000 

32  TO  55 

45  TO  88 

0.280  m.  2024-T3 
COUNTERSINK 
HOLES  WITH 
CLEARANCE 

FIT  SCREWS 

42 

207.288 

84,379 

48,000 

17  TO  29 

69  TO  83 

0.280  Hi.  2024-T3 
STRAIGHT 

OPEN  HOLES 

91 

77.000 

23,780 

20,000 

18  TO  41 

59  TO  82 

0.250  Hi.  7078-T8 
COUNTERSINK 
OPEN  NOUS 

42 

48,819 

19.838 

8,000 

7  TO  17 

B3  TO  93 

0.010  m.  •  0.284  mm  0.280  M.  •  8.38  mm 
0.100  M.  •  2.84  MM  0.071  M.  -  1.80  mm 


A  24-deUU,  multiple-hole,  9-  by  48-in.  (23  by  1 22  cm)  bow-tie  tpedmen  wu  lelected  for  the  test  evaluation.  Fi(uie  4  shows  an  open- 
hole  specimen  and  the  toolint  rig  for  drilling  the  multiple  hoiss.  Essentially,  the  identical  3/16-inch  (4.76-mm)  open  holes  are  equally 
spaced  in  a  thne-cohimn  by  eight-row  configuration.  This  specimen  design  permits  an  Identical  streH  level  in  each  detail  for  a  given 
applied  load.  This  approach  is  aimed  at  achieving  economy  in  a  time<oniuming  transport  spectrum  load  test;  however,  it  requires 
a  special  test  procedure. 

Each  detail  was  inspected  periodically,  the  frequency  depending  on  the  length  of  the  surface  crack.  Before  any  surface  crack  raacliad 
0.0S0  in.  (1.27  mm),  the  test  wm  stepped  at  the  end  of  eadi  complete  spectiam  (3,843  fHiBW)  for  htapaclkm.  Afitr  sutfsoe  crack 
lengths  of  any  hole  exceeded  0.030  in.  (1.27  mm),  the  inapection  wm  performed  at  one  halforonedhlid  of  the  spectnms.  The  hispec- 
tlon  conaisicd  of  surveying  the  holee  for  surface  eracks  and  recording  the  crack  lenglhs  using  a  pair  of  3QX  stereo  binocufam  with  a 
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FIGURE  4.  VIEW  OF  MULTIPLE-HOLE  SPECIMEN  AND  THE  TOOLING  RIG  FOR  DRILLING  THE  HOLES 


built-in  scale  such  as  shown  in  Figure  1(b).  During  the  inspection,  the  specimen  was  under  a  positive  static  mean  load  to  keep  cracks 
open.  Cracking  usually  occurred  at  the  edge  of  the  hole  normal  to  the  loading  direction.  A  complete  inspection  of  the  24  details 
required  96  discrete  surveys,  which  included  four  per  hole  and  two  spots  on  each  face. 

A  special  procedure  was  developed  to  remove  the  cracked  details  when  surface  lengths  exceeded  0.I2S  m.  (3.18  mm).  The  procedure 
requires  the  use  of  a  modified  hole  saw  that  makes  a  0.75-in.  (19  mm)  cookie-shaped  cut  symmetrically  about  the  center  of  the  hole. 
Figure  5  illustrates  a  cookie-cut  operation;  Figure  6  shows  a  typical  example  of  a  cracked  detail  cut  from  the  specimen.  The  0.75-in. 
(19  mm)  cookie-shaped  hole  in  the  specimen  was  then  reamed  to  remove  the  rough  surface  and  fitted  with  an  interference  fit  plug  to 
prevent  cracking  during  further  testing. 


PiaURE  I.  HOLE  SAW  OPERATION  TO  REMOVE  A  CRACKEO  DETAIL 
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FRACTURE  SURFACE  -  SPLIT 

CRACKED  HOLE  CUT  FROM  SPECIMEN  FROM  CRACKED  DETAIL 

FIGURE  6.  TYPICAL  EXAMPLE  OF  CRACKED  HOLE  CUT  FROM  2024-T3  SPECIMEN 


RESULTS 

FRACTOGRAPHIC  DATA 

In  designing  the  spectrum  load  program,  the  marker  cycles  are  built-in  so  that  fatigue  crack  growth  from  the  smallest  scale  may  be 
identified  in  the  fracture  surfaces.  The  marker  cycles  that  register  identifiable  markings  on  the  fracture  surface  consist  of  repeatable 
infrequent  high  loads.  Figure  3  shows  a  typical  sequence  of  high  peak  stress  and  the  corresponding  markers  on  a  fracture  surface.  The 
width  of  the  striations  resolvable  under  a  scanning  electron  microscope  is  inversely  proportional  to  the  magnification  up  to  a  certain 
limit;  i.e..  a  smaller  width  can  be  resolved  only  at  a  higher  magnification. 

in  regions  of  very  slow  crack  progression,  only  striations  corresponding  to  the  highest  peak  loads  are  resolvable.  The  markers  provide 
a  road  map  of  the  rate  of  crack  growth  in  terms  of  the  change  in  crack  growth  at  a  given  interval  of  flights. 

Fiactographic  observations  provide  two  types  of  data,  the  rate  of  crack  growth  at  various  crack  depths,  and  the  pattern  of  crack  pro¬ 
gression  from  the  origin  of  fatigue  crack  initiation.  The  physical  origins  of  crack  growth  are  particularly  important  from  the  stand¬ 
point  of  initial  quality  of  the  material  and  manufacturing  process. 

The  identification  of  various  types  of  common  surface  defects  that  result  from  the  manufacture  of  the  hole  or  from  the  combination 
of  defects  in  the  material  with  surface  finish  imperfections  is  an  important  part  of  defining  fatigue  quality.  Some  defects  are  more 
sensitive  to  fatigue  cracking  than  others.  Our  approach  is  to  examine  the  defects  that  are  associated  with  cracking.  This  can  be  a  byprod¬ 
uct  of  identifying  the  origin  of  the  microcracks.  The  defects  are  observed  along  the  bore  of  the  hole  at  the  edge  of  the  fracture  surface 
and  the  edge  of  the  fracture  plane  where  microcracks  start  and  slowly  grow  (Figure  7). 


The  mechanical  defects  consist  of  various  forms  of  tool  marks.  The  material  defects  in  2024-T3  and  707S-T6  aluminum  alloy  are  the 
insoluble  constituent  particles  (inclusions).  Some  typical  defects  are  described  in  Figures  7  through  10. 


(•)  MX  (b)  1WX  (cl  1800X 


FiaUM  7.  mOTOS  IHOmNS  All  IMTIMEmM  F ATIOUE  CRACK  CROWTN  FLAM  AND  SURFACE  OF  A  HOLE  CONTAINIRO  A 
I.I10-MCH  mOE  TOOL  MARK 


FIGURE  10.  FRACTURED  INCLUSIONS  AND  MARKERS  RINGED  AROUND  THEM  CORRESPONDING  TO  VERY  SLOW  CRACK  GROWTH 
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Figures  7  (u)  and  (b)  illustrate  a  typical  surface  of  a  microfatigue  crack  of  about  0.01 -in.  depth  in  a  semicircular  fan  shape.  The  radiat¬ 
ing  lines,  corresponding  to  folding  hues  of  a  fan,  are  "fracture  traces.”  They  are  ridges  on  the  fracture  surface  reflecting  a  change  in  ele¬ 
vations  of  local  planes.  These  lines  converge  toward  the  origin  of  an  expanding  crack  front.  The  marker  cycles  and  striations  observable 
under  higher  magnification  are  roughly  normal  to  the  fracture  traces.  Figure  7(c)  shows  the  origin  of  microcrack  growth  from  an  inter¬ 
cepting  hole  surface  and  Figures  8  through  10  show  some  typical  microcrack  origins.  An  easily  identifiable  origin  is  an  inclusion  sur¬ 
rounded  by  rings  of  markers.  In  many  cases,  the  inclusions  cracked  in  a  very  brittle  mode,  as  shown  in  the  flat  cleavage  plane.  However, 
many  of  the  specimens  surveyed  do  not  contain  well-defined  markers  at  crack  origins.  The  absence  of  the  markers  may  have  been  a  re¬ 
sult  of  opposite  surfaces  rubbing  against  each  other  in  subsequent  cycling. 

The  rates  of  growth  in  microfatigue  cracks,  or  cracks  less  than  0.01  in.  (0.254  mm)  long,  were  measured  by  counting  the  spacing  of 
the  marker  cycles.  These  markers  unequivocally  represent  crack  growth  under  the  highest  peak  load  cycles.  The  distance  between  the 
markers  was  generated  from  crack  growth  of  repetitive  flights  of  the  lower  peak  loads.  The  proof  can  be  shown  by  matching  the  se¬ 
quence  of  alternating  marker  spacing  and  the  pattern  of  the  high-load  sequence  in  the  spectrum  (Figure  3).  In  the  region  of  very  slow 
crack  growth  at  the  origin,  only  the  highest  peak  loads  are  resolvable  under  a  high  magnification.  Nevertheless,  the  sequence  of  alter¬ 
nating  spacings  was  similar,  although  on  a  smaller  scale. 

The  microcrack  growth  curve  may  be  derived  from  experimental  data.  Figure  1 1(b)  shows  a  plot  of  microcrack  growth  versus  the  num¬ 
ber  of  flights  for  a  crack  less  than  0.001 5  in.  (0.038  mm)  in  length.  Figure  1 1(a)  shows  the  corresponding  fractograph  from  which  the 
marker  cycle  data  were  taken.  In  this  case,  it  was  quite  easy  to  construct  the  growth  curve  by  assuming  that  the  surface  of  the  bore,  as 
the  reference  for  the  crack  length,  equaled  zero,  and  that  the  interior  edge  of  the  inclusion  at  the  first  marker  was  the  initial  data  point. 
As  the  crack  grows  away  from  its  origin,  the  rate  appears  to  increase  exponentially.  The  markers  are  spaced  further  apart  and  become 
mote  difficult  to  locate  then  when  they  ate  situated  closely  together. 


CRACK  MEASUREMENTS 

The  crack  growth  rate  measurements  were  taken  by  two  methods,  fractography  and  optical  recording  of  the  surface  crack  length  during 
the  test.  The  fractographic  measurements  were  made  only  in  the  selected  samples  among  various  configurations  of  the  specimens  tested 
because  of  the  time-consuming  nature  of  the  operation.  Some  of  the  results  have  already  been  presented  in  the  preceding  section.  The 
surface  crack  length  measurements  of  every  crack  were  recorded  during  the  tests. 
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FIBURE 11.  MICnOCRACK  OROWTH  CURVE  DERIVED  FRDM  MEAIURINQ  MARKER  lEACINn  IN  A  lEM  ERACTDBRAm 


riic  lull  range  ol  crack  growth  curves  can  and  have  Ixrcii  derived  hy  Iraelographic  means  in  a  selected  case,  although  this  is  liine- 
consunung.  I  igure  I  2  sliows  the  experimentally  derived  crack  growth  curves  lor  a  7075-T6  open  hole  and  a  2024-T3  tilled  hole  starting 
at  about  0.001  in.  (0.0254  mm).  These  two  curves  have  been  constructed  by  integrating  the  representative  growth  rate  shown  on  the 
tracture  surlace  along  the  path  ot  crack  growth.  Part  ol  the  Iraclograpliic  records  used  to  measure  growth  rates  at  some  crack  length  is 
shown  in  l  igures  1 3  and  14,  respectively,  lor  the  above  two  curves.  Several  views  of  the  fatigue  fracture  surface  are  shown  at  various 
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FIGURE  12.  PLOTS  OF  CRACK  GROWTH  CURVES 
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FIGURE  14.  FOUR-VIEW  OF  A  FATIGUE  CRACK  GROWTH  PLANE  AND  MARKERS  FROM  AN  ORIGIN  IN  A  0.250-IN.  (e.35-inin)  2024-T3 
COUNTERSINK  HOLE  WITH  CLEARANCE  FIT  SCREW 


magnincations  in  these  figures  to  display  the  physical  size  of  the  crack.  The  low-magnification  views  show  the  overall  crack  shape 
and  size,  and  the  high-magnification  views  show  the  microcrack  at  the  origin.  Figure  1 5  shows  the  plots  of  crack  growth  per  flight, 
dia/tlf.  along  the  maximum  crack  depth.  These  rates  have  been  reduced  from  continuous  series  of  fractographs  of  various  magnifications 
where  the  distance  between  the  interval  of  marker  cycles  for  a  given  spectrum  of  flights  was  measured  at  various  crack  depths.  The  data 
show  the  rate  of  growth  increasing  with  crack  length  on  a  log-log  scale.  Figure  16  shows  the  experimental  crack  growth  curve  for  a 
2024-T3  open  hole  crack  obtained  directly  by  counting  the  marker  spacings  along  the  path  of  the  maximum  crack  length. 

Quantitative  surface  crack  growth  data  were  recorded  from  surface  measurements  of  each  detail  in  every  specimen,  as  discussed  in  the 
section  on  procedure.  For  convenience,  any  surface  crack  length  readily  measurable  with  a  30X  binocular  is  defined  as  a  macrocrack, 
roughly  0.010  in.  (0.254  mm)  and  up.  The  separation  of  micro-  from  macrocrack  growth  is  an  arbitrary  decision.  The  surface  crack 
length  rarely  coincides  with  the  maximum  crack  length  in  the  interior  except  for  the  comer  crack.  The  relationship  depends  on  the 
shape  of  the  crack  front,  which,  in  turn,  depends  on  the  locations  of  microcracks  and  the  number  of  microcracks  which  develop  into  a 
dominant  macrocrack  front.  Figure  1 7  shows  a  typical  macrocrack  progression  pattern  that  was  constructed  by  using  the  surface  crack 
length  data  and  a  regressive  count  of  the  markers  on  the  fracture  surfaces  along  the  path  of  the  maximum  crack  length.  The  profile  of 


FIGURE  11.  FIOTI  OF  CRACK  GROWTH  RATE  VERGUS  CRACK  LENGTH 
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FIGURE  16.  RESULTS  OF  COMBINED  MICRO  AND  MACROCORNER  CRACK  GROWTH  DATA  FOR  A  COUNTERSINK  HOLE  SPECIMEN 


INCH 

FIGURE  17.  PLOT  OF  A  TYPICAL  INTERIOR  MACROCRACK  PROGRESSION  PATTERN 


the  proitressivc  crjek  I'ruiil  was  cunstnicted  by  t'onnecting  the  Iront  and  back  surl'accs  ( both  laces)  of  the  crack  lengths  through  appro¬ 
priate  marker  locations  at  the  particular  llight  number.  The  spacing  of  the  profile  lines  does  not  represent  the  crack  growth  rate  because 
it  was  not  taken  at  a  fixed  interval  of  flight.  However,  the  marker  spacings  shown  do  reflect  crack  growth  under  repeated  sequences  of 
spectrum  loads  (F-'igure  3).  Figure  13  shows  the  fractographic  view  of  a  typical  corner  crack  starling  from  the  edge  of  a  countersink 
open  hole.  The  pattern  of  macrocrack  progression  markers  is  clearly  defined.  The  surface  crack  length  is  almost  equal  to  the  maximum 
crack  length. 


STATISTICAL  DATA 

The  statistical  data  of  surface  crack  length  at  0.1  in.  (2.S4  mml  were  derived  from  raw  data  and  were  adjusted  to  normalize  the  results. 
Since  the  removal  of  the  cracked  hole  is  dictated  by  the  fiist  of  the  two  possible  cracks  in  a  hole  reaching  0. 1 25  in.  (3.18  mm)  and  the 
crack  on  the  other  side  is  small,  the  0. 1 0-in.  ( 2.54  mm)  crack  life  of  the  short  crack  is  a  projected  value.  The  procedure  involves  adding 
the  interval  of  macrocrack  life  from  0.010  to  0.10  in.  (0.254  to  2.54  mm)  to  the  short  crack  i.e..  the  interval  is  20,(X)0  flights  for  a 
corner  crack  in  a  2024-T3  open  hole.  This  interval  of  surface  crack  life  Is  dependent  on  the  crack  shape.  Therefore,  each  crack  shape 
has  to  be  identified.  A  detailed  discussion  on  surface  crack  growth  is  presented  in  a  later  section  on  crack  shape.  Figure  1 8  shows  a  typ¬ 
ical  O.OIO-in.  (2.54  mm)  crack  life  distribution  in  the  form  of  a  histogram. 
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FIGURE  II.  FATIGUE-LIFE  DISTRIBUTION  AT  A  0.10-INCH  (2.S4infn)  SURFACE  CRACK  FOR  OPEN-REAMED  3/IE-INCH  COUNTERSUNK 
HOLES  IN  0.2S0-INCH  (B.3S-mm)  2024-T3 


DISCUSSION 


CRACK  GROWTH 

Thu  crack  iniliation  appears  (o  take  only  a  small  fractioti  of  tlie  total  life  of  the  open  hole  or  clearance-fil  faslcner-l'itled  hole  specimens. 
The  full  range  of  crack  growth  curves  shown  in  Figure  I  2  correlates  almost  exactly  with  the  total  llights  in  the  tests.  These  curves  start 
at  a  very  small  crack  length  of  about  0.001  in.  ( 0.0254  mml.  These  results  generally  may  apply  to  the  other  cracks  in  these  types  of  fas¬ 
tener  hole  specimens.  The  markers  arc  not  easily  identifiable  in  the  early  part  of  microcrack  growth  in  many  open  hole  specimens,  prob¬ 
ably  as  a  result  of  repeated  surface  rubbing  during  compression  cycles.  The  markers  are  belter  defined  in  the  microcrack  growth  phase 
for  fastener-filled  holes  than  for  the  open  holes  because  the  fastener  tends  to  prevent  pressing  on  the  cracked  surface  during  compres¬ 
sive  loading. 

Under  this  type  of  spectrum  loading,  the  microcrack  growth  rate  increases  continuously  with  crack  length  (or  depth)  from  the  small 
size,  starting  either  in  an  inclusion  or  surface  defects.  The  plots  of  increasing  crack  growth  rate  versus  crack  length  are  shown  in  Fig¬ 
ure  15.  This  behavior  is  contrary  to  the  finding  of  reducing  rate  under  constant-amplitude  loading  in  Reference  (i.  The  only  exception 
to  this  is  in  the  data  for  a  crack  starting  from  a  heavy  burr  at  the  drill  exit  side  of  the  hole  because  of  the  residual  stress  field. 

The  local  geometry  around  a  microcrack  appears  to  influence  its  growth  rate.  In  Figure  19,  the  plots  show  the  comparison  of  micro¬ 
crack  growth  curves  of  different  hole  configurations  in  2024-T3  material.  The  countersink  increases  the  local  stress  concentration; 
therefore,  the  crack  growth  rate  is  faster  in  a  countersink  hole  than  in  a  straight  hole.  The  knife  edging  effect  of  a  countersink  in 
0,07l-in.-(1.80  mm)  thick  specimen  is  amplified  greatly  in  the  crack  growth  rate.  Along  the  bore  of  a  hole  in  a  l/4-in.46.35  mm)  thick 
material,  the  growth  of  microcracks  starting  at  various  locations  such  as  those  shown  in  Figure  1 7  does  not  seem  to  be  different. 

Crack  Shape 

Among  all  the  fracture  surfaces  of  the  specimen  surveyed,  the  cracking  patterns  (shapes)  from  fastener  holes  were  of  two  general  types, 
the  corner  crack  and  the  interior  crack.  The  corner  crack  emanates  from  one  corner  at  either  the  drill  entry  or  exit  sides  of  the  hole, 
such  as  shown  in  Figure  1 3.  The  interior  crack  originates  in  the  microcrack  locations  (usually  multiple  origins),  as  shown  in  Figure  17. 
There  are  other  types  of  crack  shapes  which  are  somewhat  inbetween  these  two.  For  surface  cracks,  the  maximum  length  of  an  interior 
crack  is  greater  than  the  length  of  a  corner  crack.  The  measured  crack  growth  rate  is  significantly  faster  for  an  interior  crack  than  for  a 
comer  crack  because  of  the  difference  in  maximum  crack  length.  Figure  20  shows  the  schematic  of  surface  and  maximum  crack  growth 
curves  for  comer  and  interior  cracks.  The  figure  indicates  considerable  scatter  in  the  rate  of  crack  growth  in  the  surface-measured  data. 
To  use  the  surface  crack  growth  data  for  analysis,  it  is  necessary  to  identify  the  type  of  crack  shape  for  that  particular  crack.  Figure  2 1 
shows  a  comparison  of  typical  experimental  surface  crack  growth  curves  for  interior  and  comer  crack  types.  In  fact,  surface  crack 
growth  life  is  quite  consistent  among  (he  same  type  of  cracks. 

Effects  of  Hole  Filling 

The  effect  of  hole  filling  is  to  reduce  the  crack  growth  rate  drastically,  especially  in  the  microcrack  range.  The  increased  fatigue  life  is  a 
result  of  a  slower  crack  growth  rale  rather  than  slower  crack  initiation  since  full-range  crack  growth  starting  from  a  very  small  crack  has 
been  observed  in  the  filled  hole.  In  the  presence  of  a  clearance-fit  screw  in  the  0.2S04n.-<6.3S  mm)  thick  2024-T3  countersink  hole, 
the  mean  total  crack  life  increased  by  a  factor  of  4.  The  microcrack  life  increased  by  a  factor  of  5.46.  The  macrocrack  life  increased  by 
a  factor  of  more  than  2.  Table  I  shows  the  differences. 
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FIGURE  19.  MICROCRACK  GROWTH  CURVES  IN  OIFFERENT  HOLE  CONFIGURATIONS  AND  MATERIAL  THICKNESSES  FOR  2024  T3 
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FIGURE  20.  SCHEMATIC  OF  SURFACE  AND  MAXIMUM  CRACK  GROWTH  CURVES  FOR  CORNER  AND  INTERIOR  CRACKS 
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FIGURE  21.  COMPARISON  OF  SURFACE-MEASURED  CRACK  8R0WTR  CURVES  OF  VARIOUS  CRACK  FROFILES  FOR  A2SS-INCH 
2S24-T3 


One  ol  Ihc  bciielits  of  the  tastencr  filling  the  hole  is  to  prevent  the  crack  troin  being  subjected  to  spectrum  compressive  stresses.  The  .  t 
range  ol  the  stress  cycle  is  therelore  smaller  in  the  filled  hole  than  in  an  open  hole.  This  is  substantiated  indirectly  from  the  experi-  n-u 
mental  observations.  The  striation  markers  in  the  tracture  surface  of  a  Tilled  hole,  such  as  shown  in  Figure  14,  are  generally  much  better 
defined  than  those  in  an  open  hole  because  the  fastener  prevents  the  cracked  surface  from  crushing.  The  fastener  also  restraints  contrac¬ 
tion  of  the  hole  due  to  Poisson's  effect. 

A  number  of  specimens  with  rivet-fiiled  holes  and  with  interference-fit  fasteners  have  been  tested  under  the  same  spectrum  as  well  as 
under  a  modified  spectrum  (30  percent  higher  stress  than  the  basic  one  shown  in  Figure  2).  None  of  these  specimens  developed  any 
cracks  after  1 00.000  tlights  except  for  the  0.071  -in.  ( 1 .80  mm)  specimens  with  rivets  which  developed  a  few  cracks  starting  outside  of 
the  hole. 


FATIGUE  LIFE  PREDICTION 

The  fatigue  process  of  an  open  or  clearance-fit  fastener  hole  consists  of;  <  I )  the  initiation  of  one  or  more  microcracks;  (2)  growth  of 
extremely  small  micrvKiacks  into  macrocracks,  and  l3>  growth  of  the  dominant  macrocrack  to  failure.  If  the  initiation  period  is  indeed 
negligible,  as  suggested  by  some  experimental  crack  growth  curves  starting  from  an  extremely  small  initTocrack,  then  the  fatigue  life 
prediction  may  be  handled  by  the  crack  growth  analysis.  The  crack  growth  analysis  is  one  form  of  durability  analysis  which  predicts 
fatigue  from  crack  growth  only,  starting  from  an  equivalent  initial  Haw  size. 

Statistical  DLstribuliun 

Fatigue  life  distribution  may  be  analyzed  by  statistics  in  terms  of  the  micro-  and  macrocrack  growth  period.  The  macrocrack  growth 
life  from  0.010  to  0. 1 0  in.  (0.254  to  2.54  mm)  may  be  considered  as  a  constant.  The  life  of  microcrack  growth  (where  the  crack  length 
IS  less  than  0.01  in.)  is  the  principal  variable  in  the  scatter.  The  scatter  is  proportional  to  the  percentage  of  life  consisting  of  microcrack 
growth.  Table  1  lists  the  statistical  distribution  of  crack  life  for  several  conligurations  of  open  holes  and  one  with  clearance-fit  screws. 
In  one  extreme,  in  the  0.071  -in.  ( 1 .8  mm)  2024-T3  countersink  open  holes,  the  microcracks  grow  rather  rapidly  because  of  the  knife 
edging  effact  of  countersink  in  a  thin  sheet.  The  scatter  is  quite  low,  and  the  mierocraek  growth  period  is  usually  less  than  half  of  the 
total  life.  On  the  other  extreme  of  high  scatter,  the  7075-T6  has  a  short  macrocrack  growth  period,  as  low  as  10  percent,  because  the 
macrocrack  growth  rate  is  much  higher  than  in  2024-T3.  The  crack  life  of  0.250-in  (6.35  mm)  2024-T3  countersink  holes  with 
clearance-lit  screws  has  a  longer  microcrack  growth  period  than  the  open  holes  in  2024-T3  because  hole  filling  affects  the  microcrack 
growth  rate  more  than  in  the  macro  range. 

For  a  given  material  and  hole  configuration,  the  microcrack  growth  period  depends  on  the  initial  size  of  the  crack  or  physical  defect 
and  the  rate  of  niicrocrack  growth.  A  large  starting  crack  will  have  a  shorter  microcrack  growth  period  than  a  small  starting  crack. 
Therefore,  the  distribution  of  the  defect  size  is  partly  responsible  for  the  scatter  in  the  total  life.  The  other  factor  is  the  rate  of  micro- 
crack  growth  in  inverse  proportion. 

The  microcrack  growth  curves  do  not  correlate  well  with  the  analytical  curves  using  existing  linear-elastic  fracture  mechanics  crack 
growth  analysis  models  which  correlate  well  in  the  macrocrack  range  where  the  crack  length  is  greater  than  0.05  in.  ( 1 .27  mm). 
The  reasons  for  the  discrepancy  are  beyond  the  scope  of  this  paper.  Instead,  a  typical  crack  growth  has  been  experimentally  derived  for 
different  hole  configurations  to  evaluate  fatigue  life  in  terms  of  equivalent  initial  flaw  size. 

The  master  curve  defines  a  complete  crack  growth  relationship  between  crack  lengths  and  the  number  of  flights.  This  curve  provides  the 
reference  between  the  data  for  crack  length  versus  fatigue  life  to  an  equivalent  initial  flaw  size.  Figure  22  exhibits  a  composite  master 
curve  derived  from  the  experimental  results  for  the  straight  and  countersink  open  holes  in  0.250-in.  (6.35  mm)  2024-T3.  The  curve  con¬ 
sists  of  two  parts,  a  microcrack  ranging  from  the  smallest  practical  length  to  0.01  in.  (0.254  mm),  and  a  macrosurface  corner  crack 
starting  from  0.01  in.  to  more  than  0. 10  in.  The  scale  is  expressed  in  reverse  order,  starting  at  zero  flights  for  0.  lO-in.  crack  length. 


The  crack  growlli  rale  depends  on  the  crack  length.  Ihe  crack  shape,  and  the  load  spectrum.  Kor  a  given  crack  shape  under  a  particular 
load  spectrum,  the  crack  growth  curve  should  be  identical  at  any  ol'  the  24  details  in  a  specimen.  By  isolating  some  secondary  elTects. 
the  results  of  crack  growth  in  both  the  micro-  and  macroraiige  were  quite  consistent.  Figure  22  represents  typical  crack  growth  curves 
with  no  secondary  ellects.  In  Relerence  3.  the  fastest  growth  curve  was  chosen  as  the  master  curve.  In  the  microrange,  the  crack  growth 
curve  IS  inlluenced  by  the  geometrical  factors  of  a  hole,  the  countersink  mcrea-ses  the  local  stress  concentration,  therefore,  the  crack 
growth  rale  is  faster  in  u  countersink  hole  than  in  a  straight  hole.  Figure  Id  shows  the  typical  microcrack  growth  curve  for  lliree  hole 
contigurations.  In  the  macrocrack  growth,  the  difterence  in  rates  among  hole  configurations  is  not  the  same  as  in  microcrack  growth. 
In  0. 250-in. -(b. 35  mm)  thick  specimens,  the  rate  is  essentially  the  same  for  a  straight  or  countersink  hole.  Because  of  these  charac¬ 
teristic  differences,  it  is  necessary  to  establish  a  master  crack  growth  curve  for  a  given  material  thickness  and  hole  configuration 
combination. 

tquivaleni  Initial  Flaw  Size 

The  concept  of  equivalent  initial  Haw  sl/e.  or  the  equivalent  crack  length  at  zero  life,  may  be  used  lo  deline  the  fatigue  property  of  a 
fastener  hole.  For  a  given  spectrum  loading,  the  fatigue  life  is  inversely  proportional  to  FIFS  and  consists  of  the  growth  of  micro- and 
macrocracks.  Ihe  master  crack  growth  curve  provides  tire  relationship  for  transforming  the  normalized  fatigue  data  to  an  expression 
in  terms  of  FIFS.  This  procedure  involves  two  assumptions  <  I )  the  period  for  crack  initiation  is  treated  as  equivalent  to  additional 
(line  to  propagate  a  smaller  original  microcrack  than  one  that  does  not  involve  crack  initiation,  and  ( 2)  lilFS  is  in  the  form  of  a  singu¬ 
lar  microcrack  that  develops  into  one  corner  macrocrack  since  that  was  the  basis  of  the  master  curve  derived  from  experimental  results. 

In  reality,  many  samples  involve  multiple  microcrack  and  interior  inacrocrack  shapes  that  result  in  a  faster  crack  growth  than  the  corner 
crack.  In  these  cases,  the  assigned  FIFS  is  a  larger  value  than  the  physical  size  of  the  delect,  as  a  compensation  for  slower  crack  growth 
of  Ihe  singular  corner  crack. 

Figure  23  shows  the  statistical  distribution  of  FIFS  for  the  countersink  hole  specimens  in  the  form  of  a  histogram.  Figure  24  shows  the 
comparison  of  the  statistical  cumulative  probability  plots  of  FIFS  for  straight  and  countersink  holes,  respectively.  It  would  be  noted 
that  the  mean  F  IFS  value,  x.  of  the  two  groups  is  quite  close,  but  the  standard  deviation  is  twice  as  great  for  the  straight  lioles  than  for 
the  countersink  holes.  This  probably  reflects  a  greater  exposure  area  in  the  straight  hole  than  in  the  countersink  hole  subjected  to 
microcrack  initiation. 


CONCLUSIONS 

1 .  The  special  test  procedure  using  a  24-hole  specimen  lo  obtain  a  statistically  large  sample  of  data  is  workable. 

2.  Microcracks  initiated  in  the  open  holes  or  the  holes  with  dearance-nt  screws  have  been  shown  to  grow  quite  early  in  the  spectrum 
fatigue  test. 

3.  Cracks  have  been  observed  to  grow  at  an  increasing  rate  with  crack  length  in  the  entire  range  of  crack  lengths. 

4.  The  essential  physical  defects  in  the  aluminum  alloys  as  the  origins  of  microfatigue  cracking  are  tool  marks,  burrs,  and  inclusions. 
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5.  Statistical  distribution  of  the  equivalent  initial  flaw  size  based  on  quantitative  data  for  the  fastener  holes  was  obtained  using  the 
method  and  the  experimental  procedure  developed  in  this  investigation. 

6.  Scatter  in  the  statistical  fatigue  life  distribution  can  be  described  in  terms  of  equivalent  initial  Oaw  size,  microcrack  growth  life, 
and  macrocrack  growth  life.  Scatter  is  a  function  of  microcrack  growth  life,  which  is.  in  turn,  a  function  of  equivalent  initial  flaw 
size  and  microcrack  growth  rates. 

7.  The  effect  of  clearance-fit  screws  in  3/ 1 6-in.  (4.76  mm)  countersink  2024-T3  fastener  holes  is  to  reduce  the  microcrack  growth 
rate  to  one-fourth  of  that  in  an  open  hole. 
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1 .  Introduction 


At  the  state  of  the  art,  It  is  not  possible  to  produce  large  steel  forgings  for 
steam  turbine  rotors  entirely  without  flaws.  Although  there  have  been  considerable 
Improvements  in  the  quality  of  these  forgings  over  the  last  25  years  and  the  type  of 
flaws  has  changed  from  actual  cracks  to  porosities  or  inclusions,  see  Figure  1 
their  required  size  has  also  gone  up  dramatically,  especially  for  the  low  pressure  rotors, 
due  to  the  enormously  increased  output  of  modern  power  stations  (up  to  1300  MW  on 
one  shaft) . 


According  to  statistics  of  a  German  steam  turbine  manufacturer  and  of  several  steel 
companies  /’2_7,  about  8  per  cent  of  the  large  forgings  for  turbine  rotors  have  to  be 
scrapped,  see  Figure  2,  due  to  unacceptably  large  flaws  as  detected  by  the  mandatory 
ultrasonic  inspection. 


In  a  further  20  per  cent  of  the  forgings  smaller  flaws  are  detected  that  require 
residual  static  strength  and  crack  propagation  calculations,  in  order  to  be  able  to  decide 
if  the  forging  in  question  can  be  accepted  or  has  to  be  scrapped.  Furthermore,  the 
possible  growth  of  at  first  acceptable  flaws  during  service  due  to  start-stop  operations 
of  the  turbine  requires  repeated  stringent  NDI-inspectlons  over  the  life  of  the  turbine 
with  the  attendant  prolonged  shut-down  periods,  as  well  as  further  crack  propagation 
calculations. 


The  engineering  decisions  leading  to  scrapping  are  based  on  two  assumptions 

-  the  ultrasonic  indications  are  correct  as  to  size  and  location  of  the  flaw  and 

-  the  flaw  behaves  like  a  crack  of  identical  size  in  the  most  unfavourable  direction 
(at  right  angle  to  the  tensile  stress);  that  is,  crack  propagation  starts  with  the 
first  stress  cycle  of  sufficient  cimplitude. 

While  the  first  assumption  could  be  conservative  or  unconservative,  the  second  one 
might  be  very  conservative,  since  a  potentially  long  crack  initiation  period  is  given 
away.  Thus  a  number  of  expensive  forgings  might  have  been  scrapped  unnecessarily. 


f 


2 .  The  Research  Programme 


The  present  progreunme  was  intended  to  answer  the  following  questions: 


How  do  natural  flaws  behave  under  typical  service  stressesF 

Which  typical  geometries  of  such  flaws  are  present  in  large  forgings^ 

Under  which  conditions  (size  of  the  flaw,  magnitude  of  stress)  do  such  flaws  propagate? 
How  do  small  flaws  bunched  close  together  propagatej 

How  accurately  is  the  actu^  size  of  flaws  in  the  interior  of  large  forgings 
indicated  by  ultrasonics? 


In  order  to  answer  these  questions  the  following  research  was  decided  upon  by  a 
working  group  consisting  of  five  steam  turbine  manufacturers,  five  steel  companies  and 
the  lAbG. 


First  suitable  forgings  containing  flaws  of  different  types  had  to  be  selected.  In 
all,  four  shafts  and  four  discs  weighing  between  four  tons  and  one  hundred  tons  each  were 
found,  see  Figure  3.  The  forgings  had  0,2  per  cent  offset  yield  strengths  of 
700  -  960  N/mm*  (with  the  exception  of  forging  A  at  ■*  350  t  440  N/mm^)  and  tensile 

strengths  of  740  to  1100  N/mm^  (forging  A  550  -  600  N/mn^ ,  see  Figure  3. 

The  progr2unine  steps  were  as  follows: 

-  The  forgings  were  ultrasonlcally  inspected  by  the  highly  qualified  NDI  personnel  of  the 
steam  turbine  manufacturers  and/or  the  steel  companies.  One  detailed  Inspection  sheet 
per  forging  was  prepared  containing  all  the  relevant  particulars  of  the  ultrasonic 
inspection,  especially  on  the  size,  type  and  location  of  the  flaws  found  (this  was 
also  done  for  all  the  following  ultrasonic  inspections) . 

-  The  forgings  were  next  cut  up  into  2-6  segments  and  the  ultrasonic  inspections 
were  repeated,  in  order  to  locate  the  flaws  more  precisely.  Magnetic  penetrant  in¬ 
spections  were  also  carried  out,  because  the  cutting  up  of  the  forging  might  have 
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^  exposed  flaws  on  the  surface. 

S 

-  Several  (up  to  17)  rectangular  bars  of  a  size  of  65  x  65  x  300  mm  were  then  machined 
out  of  each  segment  in  such  a  way  that  the  flaws  as  Indicated  in  the  previous  steps 
were  in  the  interior  if  possible,  see  Figure  4.  Many  other  specimens  for  Pellini- 
Charpy  V-  fracture  toughness-  tensile-  and  crack  propagation-tests  were  also  machined 
out  of  the  forgings,  see  Figure  5. 

-  The  rectangular  bars  were  then  again  Inspected  ultrasonically  and  by  the  magnetic 
penetrant  method. 

All  the  above  tasks  were  performed  by  the  manufacturers  and/or  the  steel  companies, 
the  following  tasks  by  lABG. 

The  obvious  purpose  of  the  repeated  ultrasonic  inspections  was  to  investigate  the 
reliability  of  this  NDl  method  with  regard  to  size  and  location  of  flaws  and  different 
inspectors  in  successively  smaller  test  pieces. 

In  the  next  step  45  specimens  in  all  were  machined  out  of  the  bars  with  a  test 
section  diameter  of  30  mm,  see  Figure  6,  the  largest  diameter  possible  for  the 
available  60  ton  servohydraulic  fatigue  test  machine.  These  cylindrical  specimens 
were  again  ultrasonically  inspected,  this  time  by  lABG  personnel. 

Repeated  loads  of  constant  amplitude  were  then  applied  at  a  stress  ratio  of  R  =  +  0,1. 
the  corresponding  stress  amplitudes  were  calculated  individually  for  each  forging,  so 
that  the  interior  flaws  would  just  show  some  growth  in  a  maximum  of  25  000  cycles,  but 
complete  fracture  of  the  specimen  would  not  occur.  The  corresponding  maximum  stresses 
typically  were  60  to  80  per  cent  of  the  individual  yield  strengths.  If  flaw  growth 
was  detected  by  the  potential  drop  method,  the  test  was  stopped.  If  no  flaw  growth 
was  observed,  the  stress  amplitudes  were  Increased  after  25  000  cycles  and  the  test 
repeated. 

The  number  of  25  000  cycles  was  arrived  at  as  follows:  A  large  steam  turbine  is 
started  up  and  shut  down  a  maximum  of  5  000  times  over  its  lifetime.  The  necessary 
safety  factor  was  assumed  to  be  five,  large  because  of  the  catastrophic  nature  of  a 
turbine  rotor  burst  in  service.  In  the  event,  we  were  remarkably  successful  in  pro¬ 
ducing  small  flaw  growth  usually  at  the  first  try. 

After  the  fatigue  test,  the  specimens  were  again  inspected  by  ultrasonics  and 
magnetic  penetrant. 

Next  the  specimens  were  broken  at  liquid  nitrogen  temperature  in  order  to  obtain 
brittle  fracture  through  the  largest  flaw  present. 

Exiunination  of  the  fracture  surface  in  the  scanning  electron  microscope  followed, 
in  order  to  establish  the  actual  original  flaw  size  and  type  as  well  as  the  flaw 
growth  due  to  the  25  000  cycles. 

The  last  step  consists  of  supplementary  tests  to  determine  basic  material  data,  such 
as  da/dN,  tensile  strength  Fellini  tests  ,  SN-tests  in  the  low  cycle  fatigue 

range  etc.  for  the  unflawed  material  of  every  forging  utilised. 


3 .  Preliminary  Results 

As  the  evaluation  of  the  large  number  of  results  has  not  yet  been  fully  completed 
only  some  preliminary  results  can  be  given. 

3.1  Reliability  of  Ultrasonic  Inspection 

Figure  7  shows  the  results  of  the  ultrasonic  Inspection  of  the  flaws  in  some  of  the 
forgings  compared  to  the  actual  size  of  the  flaws  as  determined  by  scanning  electron 
microscopy  after  breaking  open  the  fracture  surface.  It  is  seen  that  there  are  conserv¬ 
ative  (below  the  1  :  1  line)  and  unconservative  (above  the  1  :  1  line)  predictions. 


3.2  Typical  Geometries  of  Flaws  in  Forgings  and  their  Behaviour  under  Fatigue  Loading 

Some  forgings,  like  shaft  A,  see  Figure  8,  contained  a  considerable  number  of 
spike-shaped  flaws.  They  consist  of  aluminium  oxydes.  The  fatigue  cracks  growing  from 
these  spikes  tend  to  become  more  elliptical  in  shape,  as  predicted  by  fracture  mechanics 
calculations,  see  flaws  1  and  2  in  Figure  8. 

In  forging  D,  circular  interior  flaws  ware  typical,  see  Figure  9.  They  tended  to 
remain  circular  during  fatigue  crack  growth.  On  closer  inspection,  see  Figure  10,  and 
in  the  SEN,  Figure  10,  lower  half,  each  "flaw”  actually  consists  of  a  very  large  number 
of  small  inclusions  in  the  basic  material. 
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In  forging  G  the  flaws  are  finely  dispersed  and  cannot  be  recognised  macroscopically 
on  the  fracture  surface.  Along  the  cylindrical  part  of  the  specimen  many  outside  cracks 
however  can  be  seen  after  the  fatigue  test.  Figure  11.  The  original  flaws,  photomicro¬ 
graph  in  lower  right  part  of  Figure  1 1  again  are  sharp-edged  Inclusions  which  grow  to 
half-elliptical  shape  near  the  exterior  of  the  specimen  and  to  elliptical  shape  in  the 
interior. 


3.3  Behaviour  of  Flaws  under  Fatigue  Loading 

Some  of  the  flaws  did  behave  like  fatigue  cracks  of  the  same  size  and  shape, 
while  others  did  not.  One  exeunple  of  the  latter  case  is  shown  in  Figure  12,  which  will 
be  explained  in  the  following:  The  average  propagation  rate  during  the  25  000  applied 
stress  cycles  was  calculated  from  the  SEM  photographs.  In  the  case  of  flaw  No  3  it  was 
4,2  •  10“5  mm/cycle.  The  curve  of  dl/dN  for  unflawed  material  of  forging  D  had  been 
determined  before  with  CT-specimens .  The  point  of  Intersection  between  this  dl/dN  curve 
and  line  3  gives  an  effective  of  700  N/mmy^.  At  the  stress  amplitude  applied  this 

is  equivalent  to  a  flaw  of  0,6  mm  diameter.  However,  flaw  No  3  actually  had  an  1,6  mm 
diameter?  this  results  in  an  applied  of  860  N/mmV^ ,  and  the  Intersection  of  line  3' 

with  the  dl/dN  curve  gives  a  crack  propagation  rate  of  10"^  mm/cycle.  So  the  flaw  acted 
like  a  crack  of  0,6  mm  diameter,  while  it  actually  was  1,6  mm  in  diameter.  Flaws  1  and  2 
behaved  similarly. 

Obviously  the  reason  for  this  may  be  that  a  crack  initiation  phase  was  present.  We 
will  look  into  this  matter  in  more  detail  using  the  potential  drop  records  we  have  ob¬ 
tained.  One  example  is  shown  in  Figure  13,  left  side,  where  there  apparently  was 

a  long  crack  initiation  phase  of  approximately  60  per  cent  of  the  complete  life 
(9  700  out  of  17  570  cycles).  In  shaft  A,  which  contained  sharp-edged  Inclusions,  the 
flaws  behaved  practically  like  cracks,  see  Figure  14. 

In  addition,  was  determined  for  all  materials,  using  CT  specimens  machined 

from  unflawed  regions  of  the  forgings.  The  values  obtained  are  compared  here  with  the 
results  of  tests  on  the  cylindrical  specimens  containing  flaws  in  Figure  15.  For  several 
specimens  out  of  forgings  A  and  B,  each  of  which  contained  several  flaws  of  different 
sizes  and  therefore  different  stress  Intensity  factors: 

-  Disc  A,  which  contained  sharp-edged  inclusions:  There  was  crack  growth  if  the  applied 
stress  intensity  factor  r^ge  of  the  individual  flaw  was  greater  the  2^Kth-  There 
was  not,  if  it  was  below 

-  Disc  B,  which  contained  half-elliptical  flaws:  There  was  no  crack  growth  from  one 

flaw  in  specimen  B  12,  even  though  the  applied  was  nearly  twice  as  latge  as 
^Kth*  Four  more  flaws  in  specimens  7  and  8  did  not  propagate  although  was 

more  than  50  %  higher  than 

Elsender  in  a  paper  at  the  Fracture  Conference  in  Waterloo  five  years  ago  [ij  showed 
some  very  similar  results,  see  Figure  16. 


4.  Outlook 


By  the  end  of  1982  the  report  coy^talning  all  the  details  as  well  as  the  conclusions 
to  be  drawn  will  be  completed.  A  paper  with  the  more  important  results  will  also  be 
published  in  early  1983.  A  continuation  comprising  tests  at  typical  rotor  temperatures 
(+  536°  C)  and  at  R  =  1  is  planned. 
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Fig.  1 3  Potential  drop  measurements 


Crack  Propagation  Rate  dl/dN  [mm/cycle] 


• 

• 

th  O 

o 

1 

)  o  ^  % 

§ 

# 

• 

• 

o  (OD  o  g  © 


O  O  O 


5  ^ 

 ' 

o 

o 

G 

A 

CD 

i  34S678  9  1CVf 

3  7  8  12 

Forging  O 
,1 ....  Specimen  No. 


fatigue  crack  growth 
no  fatigue  crack  growth 

at  25000cycles 


Hi.lS  Crack  propatation  near  AKth  from  flaws  in  ihaRi  A  umI  B 


15-17 


GROWTH  • 
NO  GROWTH  o 


ROTOR  FORGING 
MATERIALS;  NCMV 
1  CMV 


o  • 

o  6  • 


o 


•  • 


o 


o  o 

6~  6 
o 


RANGE  OF 

THRESHOLD  - 

STRESS 

INTENSITY 


o 


0 


J I  I  t  I L_  I  I  I 1 L 

4  6  8  10  12  14 

INCLUSION  NUMBER 


J_ 

16 


F  r  FATIGUE  GROWTH 


Fig.  16  Crack  propagation  near  AKfH  from  flaws  in  a  rotor  forging  after  Elsender  ‘/3I 


^0POOl6i4 


l(,-l 

Round  Table  Discussion 

•SHORT  CRACK”  FATIGUE  DESIGN  CONSIDERATIONS: 

MODELLING,  CHARACTERIZATION,  INTERPRETATION,  DETECTION; 

PREDICTION  OF  BEHAVIOR 
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This  conference  has  attempted  to  focus  on ^’short  cracks”  (or  small  cracks)  rather  than  Jnong  cracks”.  My  remarks 
will  be  brief  and  of  a  summary  context  in  relation  to  the  papers  presented  at  the  conference  and  to  stimulate  thoughts  for 
additional  research. 

Professor  Ritchie  in  the  first  paper  summarized  various  perspectives  on  the  short  crack  problem.  In  a  similar  fashion, 
a  recent  report  I  wrote  for  the  Metals  Properties  Council'  emphasized  the  relativistic  aspect  of  crack  side  and  the 
necessity  to  be  sure  you  have  the  proper  set  of  boundary  conditions  (similitude)  to  apply  Mode  I  linear  elastic  fracture 
mechanics  to  the  fatigue  crack  propagation  problem.  This  aspect  can,  in  a  sense,  be  discerned  when  the  definition  of  a 
short  crack  is  formulated  using  a  dictionary.  This  definition  would  be: 

Short  crack 

1  A)  Having  little  length,  not  extending  far  from  end  to  end, 

4B)  Limited  in  distance, 

5A)  Not  coming  up  to  standard,  measure,  or  requirement. 

Since  no  standard  exists  to  precisely  define  a  short  crack  it  is  difficult  to  discuss  it  as  we  have  seen  from  this  conference. 
Each  presenter  presents  a  certain  perspective  on  the  problem  and,  at  times,  generalizes  so  much  that  the  rest  of  us  get  very 
confused  because  of  the  many  perspectives  in  which  the  short  crack  problem  can  be  viewed.  To  an  extent  this  was 
brought  out  by  Professor  Ritchie. 

Subsequent  to  this  brief  conference  one  concludes  that  the  short  crack  problem  is  a  matter  of  perspective.  That  is 
that  short  must  be  compared  to  something.  Thus,  as  engineers  and  scientists  we  are  concerned  with  all  of  the  following 
aspects  of  the  short  crack  problem: 

( 1 )  Definition  of  a  Crack, 

(2)  Definition  of  a  Short  (Small  Crack), 

(3)  Size  of  crack  with  respect  to  microstructure  (grain  size,  packet  size,  unit  cell  size  etc.), 

(4)  Size  of  crack  with  respect  to  plastic  zone  size, 

(5)  Size  of  crack  with  respect  to  thickness  (3, 4,  S  are  all  related), 

(6)  Size  of  the  crack  with  respect  to  applicability  of  Mode  I  LEFM, 

(7)  Size  of  the  crack  with  respect  to  crack  detection  capability  (in  an  engineering  sense  we  are  concerned  about  our 
inspection  capability  (as  discussed  by  Professor  Packman)  with  respect  to  the  crack  size]  in  relation  to  crack 
size,  location,  and  morphology, 

(8)  Crack  size  with  respect  to  the  tolerable  crack  size  as  determined  by  the  Mode  I  fracture  toughness  (Ki^)  or 
other  fracture  instability  material  parameter, 

(9)  Crack  size  with  respect  to  the  overall  fatigue  design  philosophy, 

(10)  Statistical  aspects  of  the  growth  of  short  cracks,  and 

(11)  The  growth  of  short  cracks  in  highly  anisotropic  materials  (such  as  fiber  composites  or  certain  titanium  alloys, 
aluminum  forgings  etc.)  and  potentially  heterogeneous  materials  (such  as  powder  alloys). 

All  of  these  aspects  have  been  dealt  with  to  an  extent  |n  this  conference.  (Nearly,  in  dealing  with  the  short  crack  problem 
we  must  predKly  define  the  physical/chemical  evenlf  to  be  dealt  with,  formulate  the  proper  physical/mathematical 
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model,  explicitly  define  the  boundary  conditions  that  relate  to  the  specific  crack  size  being  dealt  with,  test  the  concepts 
and  models,  and  establish  behavioral  relationships.  This  is  a  problem  of  physics  and  mathematics  that  requires  the  proper 
similitude.  Many  of  these  aspects  must  be  researched  further  as  pointed  out  in  the  conference  and  discussed  in  Reference 
1 .  I  would  hope  that  future  activities  on  the  short  crack  concentrate  on  all  of  these  areas  so  that  we  become  more 
effective  at  dealing  with  the  “short  crack  problem”  since  some  people  believe  we  have  the  “long  crack”  problem  under 
control. 
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Discussion  (Continued) 


Subsequent  to  the  regular  program  and  the  introductory  discus¬ 
sion  an  extensive  discussion  resulted  with  many  varied  inputs.  The 
committee  reviewed  the  discussion  and  invided  Dr  Brian  Leis  to 
provide  an  extended  written  discussion  to  the  conference. 
Ilis  input  follows: 

DISCUSSION  OF  THE  SHORT  CRACK  EFFECT  IN  AIRFRAME 
MATERIALS  AND  COMPONENTS 

Background 

Author:  Brian  Leis 

Battellc  Memorial  Institute 
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This  meeting  has  brought  together  a  number  of  diverse  interests,  each  with  a  different  perspective  on  what  a  short 
crack  is.  The  literature  relevant  to  the  short  crack  effect  suggests  that  a  short  crack  is  any  crack  whose  growth  can't  b" 
correlated  with  handbook  growth  rate  data  using  fracture  mechanics  technology,  specifically  linear  elastic  fracture 
mechanics  (LEFM).  The  short  crack  effect  is  of  interest  to  alloy  designers  because  it  may  be  a  key  to  improving  materials 
in  the  future.  It  is  v  f  interest  to  the  scientist  because  it  does  not  follow  the  commonly  used  analysis  framework  of 
LEFM.  But  most  importantly  for  AGARD,  it  is  of  concern  to  the  engineer  in  that  the  short  crack  literature  indicates 
LEFM  predictions  of  growth  rate  (when  integrated  crack  size),  inspection  interval,  and  possibly  critical  crack  size  are 
often  nonconservative  in  the  presence  of  this  effect. — 

The  engineer  may  not  be  overly  concerned  with  the  causes  of  the  short  crack  effect  so  long  as  he  knows  when  to 
expect  it  and  whether  it  be  of  consequence  in  his  design.  The  desire  is  thus  to  establish  crack  sizes,  materials,  loadings, 
etc.  for  which  the  engineer  must  be  aware  of  the  short  crack  effect  and  its  relative  significance.  Unfortunately,  the 
occurrence  and  significance  of  the  short  crack  effect  depends  on  the  structure  and  the  loading,  primarily  through  their 
influence  on  the  critical  crack  size.  For  this  reason,  rules  cannot  be  established  to  avoid  design  problems  at  the  present 
time.  Furthermore  from  an  engineering  viewpoint  the  effect  is  only  of  consequence  if  it  radically  alters  the  threshold  for 
cracking  and  the  total  useful  life  of  the  structure  or  the  inspection  interval.  In  small  highly  stressed  components  the 
effect  is  therefore  intuitively  more  significant  than  large  panel  structures.  Rational  design,  however,  is  not  based  on 
intuition. 

Causes  of  the  Apparent  Short  Crack  Effect 

The  engineer  can  avoid  the  problems  associated  with  the  short  crack  effect  by  careful  consideration  of  the  key 
assumption  he  makes  in  applying  LEFM.  The  key  assumption  is  that  equal  changes  in  the  value  of  the  stress  intensity 
factor  mean  equal  amounts  of  crack  advance  (equal  crack  driving  force).  That  is,  the  concept  of  similitude  is  invoked. 

On  the  surface,  the  concept  of  similitude  is  straightforward  however,  its  implementation  in  practical  situations  related 
to  LEFM  is  not' .  As  detailed  in  a  recent  report’,  a  breakdown  in  the  similitude  concept  is  central  to  the  apparent  short 
crack  effect.  The  following  summarizes  the  central  issues  related  to  similitude. 

Mechanical  Similitude 

Provided  the  plastic  zone  is  small  compared  to  all  length  dimensions,  and  small  with  respect  to  the  distance  over 
which  the  first  term  of  the  elastic  stress  field  solution  is  dominant,  both  the  size  of  the  plastic  zone  and  the  surrounding 
stress  field  are  adequately  described  by  the  stress  intensity  factor,  K  .  Under  these  restrictions,  two  cracks  with  equal 
K  have  the  same  plastic  zone  and  stress  field  regardless  of  geometry:  there  is  similitude. 

Unfortunately,  the  similitude  is  still  conditional.  Most  important  there  has  to  be  equal  constraint.  Otherwise, 

O2  and  the  plastic  zone  are  diffe.'^nt.  Thus  under  circumstances  of  equal  constraint  and  equal  K ,  the  response  of  two 
cracks  should  be  the  same.  Therefore  two  cracks  should  show  equal  growth  habits.  Since  both  K^^j^  ^nd  AK  are  of 
relevance,  it  follows  immediately  that 

da/dN  =  f,(K^„,AK)  =  f,(AK,R).  (1) 

Equation  (1)  is  physically  sound  within  the  limitations  invoked  above.  However,  the  functional  forms  of  f|  and  f, 
cannot  be  derived  from  first  principles  and,  therefore,  they  are  obtained  by  interrogating  the  material  through  tests. 

It  should  be  pointed  out  that  one  similitude  requirement  has  still  been  overlooked.  This  condition  is  that  the  plastic 
zone  in  the  wake  of  the  crack  must  also  be  equal  in  as  much  as  they  affect  the  local  stress  field  through  closure  forces. 
More  rigorously,  similitude  requires  that  the  closure  displacement  and  stress  fields  be  the  same  as  indicated  schematically 


in  Figure  1 .  Experience  from  tests  has  shown  that  the  latter  condition  is  reasonably  fulfilled  for  long  cracks  growing 
under  constant  amplitude,  since  growth  rates  for  long  cracks  tend  to  correlate  on  the  basis  of  Equation  ( I )  regardless  of 
geometry.  This  implies  that  for  small  cracks.  Equation  (I)  is  a  function  of  the  K  history  as  well  as  the  current 
and  AK. 

Metallurgical  Similitude 

In  the  derivation  of  Equation  (1 )  it  was  tacitly  assumed  that  metallurgical  similitude  existed.  Although  this  may 
seem  trivial,  violation  of  metallurgical  similitude  can  easily  be  overlooked  when  correlating  the  behavior  of  small  and  long 
cracks.  Therefore,  it  is  worthwhile  to  consider  the  conditions  leading  to  metallurgical  similitude. 

Clearly,  the  material  should  be  the  same  with  regard  to  phase,  orientation,  dislocation  density,  particle  density,  etc. 
for  it  to  respond  in  a  unique  manner  to  mechanically  similar  conditions.  In  the  case  of  cracks  with  long  fronts  this 
condition  is  satisfied  on  the  average  even  in  multi-phase  materials  with  high  crystallographic  anisotropy.  However,  if  the 
crack  front  is  short  (e.g.  of  the  order  of  several  grains)  this  condition  will  generally  be  violated.  Apparently,  the  condition 
translates  into  the  geometrical  requirement  that  the  crack  front  be  long  with  regard  to  metallurgical  features. 

Closely  related  is  the  similitude  in  crack  growth  mechanism,  which  is  often  quoted  as  an  important  condition. 
However,  similitude  in  crack  growth  mechanism  is  not  a  condition.  It  is,  rather,  a  consequence  of  the  material’s  response 
to  the  mechanical  and  metallurgical  similitude. 

Differences  in  crack  growth  mechanisms,  which  may  be  considered  a  consequence  of  a  breakdown  in  similitude,  can 
affect  the  growth  rate  da/dN .  The  growth  rate  (crack  advance  over  some  cycle  interval)  is  really  a  composite  rate  that 
reflects  all  operative  modes  and  mechanisms  of  crack  advance  as  suggested  in  Figure  2  and  elaborated  in  the  following. 
Most  often  long  crack  growth  occurs  by  a  sliding  off  mechanism  at  the  crack  tip  in  ductile  engineering  materials.  For  long 
cracks  then,  crack  advance  is  associated  with  Mode  I  loading  and  the  dominant  Mode  I  mechanism  is  reversed  slip  which 
gives  rise  to  striations.  In  contrast,  short  crack  advance  may  be  associated  with  both  Mode  I  loading  and  localized  Mode 
II  loading.  Moreover,  the  Mode  I  mechanisms  may  be  related  to  reversed  slip,  ductile  fracture,  and  brittle  fracture  and  the 
local  Mode  II  mechanisms  could  be  related  to  local  crystallographic  fracture  and  local  shear.  Thus,  the  character  of  the 
growth  rate  process  can  be  a  factor  in  causing  the  short  crack  behavior. 

In  so  far  as  the  environment  (temperature  and  chemistry)  affect  the  mechanism  and  rate,  it  is  clear  that  the  local 
environments  should  be  the  same  for  complete  similitude. 

Similitude  Conditions  and  Breakdown  of  Similitude 

In  summary,  the  similitude  conditions  ate  as  follows: 

-  small  plastic  zone  with  respect  to  all  length  dimensions  (including  crack  front  length). 

-  small  plastic  zone  with  respect  to  the  distance  over  which  the  first  term  of  the  stress  field  solution  is  dominant, 

equal  Kmax  ■ 

-  equal  closure  fields. 

-  long  crack  front  with  respect  to  metallurgical  features, 
same  environment. 

When  all  of  these  conditions  are  satisfied  the  response  of  the  crack  will  be  the  same.  When  any  one  condition  is  not 
satisfied,  the  bounds  of  validity  of  Equation  (1)  have  been  exceeded  and  thus  dependencies  of  the  type  implied  by 
Equation  (I)  become  questionable. 

If  J  is  used  instead  of  K  as  the  mechanical  similitude  parameter  the  first  requirement  will  be  somewhat  relaxed, 
but  all  others  remain  in  force.  Thus  the  extension  of  the  validity  of  Equation  (I),  with  K  replaced  by  J ,  can  bring 
only  little  solace  to  the  small  crack  problem,  and  the  comments  that  follow  hold  almost  regardless  of  whether  J  or  K 
is  used  as  a  similitude  parameter.  Moreover,  if  significant  unloading  is  involved,  the  use  of  J  becomes  even  more 
uncertain. 

Similitude  and  Short  Cracks  at  Smooth  Surfaces 

Provided  that  all  similitude  conditions  are  fulfllled,  equal  AK  (and  R)  give  rise  to  equal  growth  rate.  For  a  given 
AK  a  smaller  crack  will  require  a  higher  stress.  As  long  as  the  plastic  zone  is  uniquely  related  to  K ,  equal  K  means 
equal  plastic  zones.  As  a  consequence  the  plastic  zone  to  crack  size  ratio  is  larger  for  the  small  crack,  so  that  the  first 
similitude  requirement  tends  to  be  jeopardized.  For  very  small  cracks  the  same  AK  requires  stresses  at  or  close  to  yield 
and  the  plastic  zone  becomes  undefined.  Then  the  fint  requirement  is  violated  and  for  this  reason  alone  correlation  on 
the  basis  of  Equation  (1)  becomes  impossible. 

It  has  been  attempted  to  mend  this  problem  by  applying  a  plastic  zone  correction,  most  notably  in  the  case  of  the 
threshold  Kn,.  If  Kq,  has  a  fixed  value  for  a  certain  material,  it  fi^ws  that 


Naturally  Equation  (2)  predicts  Aoth  ^  oa  0 ,  white  for  a  =  0  one  should  and  does  find  AO||,  =  (the 

endurance  limit),  as  shown  in  Figure  3.  This  is  no  surprise  because  for  a  =  0  all  similitude  requirements  are  violated. 
The  diftlculty  can  be  avoided  by  using  a  plastic  zone  correction  as  follows. 


Aoth  =  V  .  (3) 

&  W’f(a  +  •■p)/ 

For  fixed  K,|,  the  Irwin  plastic  zone  is  constant.  In  that  case  is  finite  for  a  =  0 .  However,  for  a  =  0  the  plastic 
zone  is  certainly  not  rp  and  therefore  Equation  (3)  becomes  untenable  for  small  a.  As  a  matter  of  fact  Equation  (3) 
has  no  merits  beyond  the  I97S  equation  of  Ohuchida  et  al.^  or  the  1979  equation  of  El  Haddad  et  al.*  in  which  Tp  is 
replaced  by  an  empirical  constant. 

If  a  Dugdale  solution  is  used  for  rp  instead,  rp  will  depend  upon  crack  size,  but  since  rp  =  0  for  a  =  0  (trivial) 
the  solution  still  has  little  merit.  From  a  technical  point  of  view.  Equation  (3)  would  be  fully  acceptable  if  it  would 
consolidate  the  data.  It  may  do  so  for  a  certain  case,  but  since  both  0  and  rp  depend  upon  geometry,  it  can  hardly  be 
expected  that  the  (erroneous)  equation  will  have  generality.  In  addition,  violation  of  several  other  similitude  require¬ 
ments  dampens  the  expectations. 

For  short  cracks  the  effect  of  local  crack  front  irregularities  and  consequent  local  K  and  constraint  variations  are 
not  averaged  out.  The  shorter  crack  front  length  will  further  bring  out  the  effects  of  micro-structural  variations,  which 
may  even  lead  to  different  growth  mechanisms.  Finally,  the  closure  stress  field  will  be  different  for  the  short  crack  if  it 
is  only  for  the  different  history. 

Similitude  and  Short  Cracks  at  Notches 

For  short  cracks  at  notches  the  problem  is  further  compounded  by  the  notch  field.  In  general,  yielding  will  occur 
due  to  the  notch  so  that  a  residual  stress  field  is  introduced.  The  tip  of  a  long  crack  would  be  outside  this  field,  but  the 
tip  of  a  short  crack  is  engulfed  by  the  field.  Thus  the  local  fields  at  the  crack  tip  are  different.  Another  consequence  can 
be  that  the  short-crack  tip  is  in  a  displacement  controlled  field  and  the  long-crack  tip  in  a  load  controUed  field* ,  as 
indicated  in  Figure  4.  If  the  effect  of  this  field  is  ignored,  correlation  of  crack  behavior  on  the  basis  of  Equation  (1) 
cannot  be  expected. 

However,  breakdown  of  the  correlation  is  not,  in  the  first  place,  due  to  a  breakdown  of  similitude.  Rather  it  is  due 
to  the  fact  that  the  condition  of  equal  K  is  erroneously  assumed.  In  principle  it  would  be  possible  to  account  for  the 
local  field  in  the  calculation  of  K  and  R .  Provided  this  could  be  done  properly,  the  problem  of  the  short  crack  at  the 
notch  would  be  equivalent  to  that  of  the  small  crack  at  a  smooth  surface,  and  all  comments  on  the  breakdown  of 
similitude  given  previously  would  apply. 

The  Literature  on  Short  Cracks 

There  have  been  numerous  reports  in  the  literature  that  crack  growth  rate  data  taken  for  short  cracks  show  two 
anomalous  behaviors;  considerable  scatter  about  the  long  crack  growth  rate  trend  data,  and  an  apparent  higher  than 
expected  growth  rate.  These  have  been  termed  the  short  crack  effect.  Generally,  data  are  said  to  show  a  short  crack 
effect  if  they  do  not  correlate  when  growth  rate  is  plotted  against  stress  intensity  factor  range,  the  common  LEFM 
parameter.  But  in  many  of  these  cases,  the  failure  to  correlate  may  have  been  due  to  the  way  LEFM  was  implemented 
rather  than  to  some  inherent  deficiency  in  the  theory.  For  example,  K  has  been  used  for  short  cracks  where  closure  is 
a  factor,  even  though  it  is  well  accepted  that  K  alone  is  inadequate  for  long  cracks  (e.g.,  see  Equation  (I)).  This  kind  of 
example  illustrates  why  it  cannot  be  conclusively  stated  that  failure  to  consolidate  short  crack  data  is  due  solely  to  short¬ 
comings  in  LEFM.  On  the  other  hand,  there  are  also  examples  in  the  literature  of  data  for  which  the  underlying  assump¬ 
tions  of  LEFM  have  been  violated  and  for  which  LEFM  cannot  apply. 

There  are  factors  other  than  the  applicability  of  LEFM  which  are  of  consequence  to  the  short  crack  effect.  Data 
from  the  literature  show  that  a  host  of  both  micro  and  macro  mechanisms  of  the  flow  and  cracking  processes  influence 
crack  growth  rate.  Differences  in  the  cracking  process,  particularly  near  threshold,  are  especially  numerous.  They  include 
multiple  growth  modes  and  combinations  of  modes  and  three-dimensional  nature  of  the  fracture  process*'*,  the  length 
and  configuration  of  the  crack  front  involving  dimensions  of  both  the  specimen  and  the  microstructure*''*,  anisotropy", 
free  surface  effects  on  slip  character  including  effects  of  surface  treatment  and  crystollographic  growth*’*’'*,  multiple 
cracking  processes  including  possible  environmental  effects'*~'*,  ragged  crack  fronts'*,  and  finally  transient  effects  due  to 
Inclusions,  grain  boundaries,  and  grain  to  grain  mis-orientation'*''*. 

The  factors  just  listed  might  be  called  materials  related  factors  and  they  have  their  proponoits  who  consider  them  to 
be  the  most  important  factors.  There  is  another  school  which  believes  that  the  most  important  factors  are  medianics- 
related.  They  credit  the  short  crack  effects  to  the  effect  of  the  plaatic  zone  to  crack  ler^  ratio  on  LEFM,  aniaotropic 
effects,  surface  residual  strem  and  local  ckMure  effects  due  to  ptae  stress  surface  flow  confined  by  a  pfauw  Miain 


surrounding,  crack  bifurcation  and  ill-defined  crack  fronts,  stress  redistribution  due  to  notch  root  yielding  and  to  material 
transient  deformation  behavior,  and  macroscopic  closure  due  to  residual  stresses  and  deformations.  It  may  be  that  a 
preference  for  the  mechanics  factors  or  the  materials  factors  as  being  the  most  important  in  long  and  short  crack  behavior 
is  only  a  function  of  training  and  background.  The  truth  is  that  all  of  these  factors  interrelate  and  must  be  considered 
together.  Thus,  for  example,  grain  size  should  not  be  considered  alone  and  as  unrelated  to  yield  strength,  and  conversely. 


The  process  of  going  from  a  situation  in  which  there  is  no  crack  on  a  scale  on  the  order  of  the  microstructure,  to  a 
situation  in  which  a  crack  exists,  is  transient.  The  crack  is  tending  toward  a  steady  state  condition,  the  limit  of  which  is 
the  long  crack  condition.  During  this  transition  the  crack  length  can  be  small  compared  to  the  size  of  the  crack  tip  plastic 
zone  that  is  required  to  sustain  a  growing  crack*®.  In  this  regime,  short  cracks  violate  the  confined  plasticity  requirements 
of  LEFM  and  LEFM  is  invalid.  While  this  kind  of  argument  about  LEFM  is  true  at  the  microstructural  scale  it  is  vacuous 
in  an  application  to  a  single  crystal.  Yet  a  crack  in  a  single  crystal  must  still  go  through  the  transient  phase.  This  is  not  to 
argue  that  LEFM  is  applicable  to  single  crystals.  To  the  contrary,  it  is  to  emphasize  the  transient  nature  of  the  process 
and  note  that  it  cannot  be  modeled  by  steady  state  theories  regardless  of  how  they  correlate  growth  rate. 


The  mechanism  of  initiation  will  control  the  length  the  crack  must  attain  before  a  steady  state  develops  at  its  tip. 
Brittle  initiations  at  inclusions  localize  the  process  and  allow  a  sharp  crack  with  a  well  defined  tip  and  a  continuous  front 
to  form.  In  contrast,  ductile  initiation  involves  a  good  deal  of  flow  before  slip  band  decohesion,  for  example,  initiates  a 
crack,  often  crystallographically  and  with  a  poorly  defined  tip  and  discontinuous  front.  Certainly,  the  second  situation 
described  will  have  to  grow  some  to  sharpen  etc.,  and  thus  will  not  achieve  a  steady  state  as  quickly  as  its  brittle  counter¬ 
part. 


Brittle  initiation  tends  to  form  a  crack  which  grows  stably  from  the  beginning,  with  limited  flow  at  the  crack  tip. 

In  contrast,  ductile  initiation  would  initially  tend  to  violate  the  plastic  zone  to  crack  length  limitation  of  LEFM.  Results 
in  the  literature  indicate  that  active  plastic  zones  in  the  ductile  case  are  as  large  as  0.3  mm  while  those  for  the  brittle  case 
approach  I0~*  mm  (Ref.3).  In  this  respect,  brittle  steady  state  exists  soon  after  inclusions  crack,  at  crack  lengths  as  small 
as  can  be  consistently  resolved  using  even  highly  sophisticated  measurement  systems.  Ductile  steady  state  by  contrast 
develops  only  after  extensive  cracking.  Significantly,  LEFM  criteria  are  satisfied  for  the  lower  extreme  of  brittle  intiation 
at  a  crack  length  of  about  10*®  mm  about  the  lower  limit  of  detection.  In  contrast,  LEFM  criteria  are  violated  at  the 
upper  limit  of  ductile  initiation  for  cracks  nearly  3  mm  long. 

For  short  cracks  for  which  the  plasticity  requirements  of  LEFM  are  met  (nominally  brittle  initiation),  the  literature 
suggests  that  metallurgical  features  are  a  controlling  factor  for  cracks  smaller  than  a  few  grains.  Micromechanics  is  also  a 
factor  in  this  case  in  that  local  closure  occurs  due  to  plane  stress  flow  on  the  surface  that  is  contained  within  an 
unyielding  plane  strain  field.*  The  growth  of  these  cracks  is  strongly  influenced  by  the  transients  associated  with  the 
mode  and  mechanism  of  initiation.  Whether  or  not  multiple  initiation  and/or  branching  occurs  is  also  a  factor.  For  this 
reason  it  is  expected  that  naturally  initiated  cracks  will  show  a  short  crack  effect  whereas  artificially  induced  cracks  will 
demonstrate  it  to  a  much  lesser  degree,  or  not  at  all. 

Smooth  specimen  data  show  the  short  crack  effect  inconsistently,  and  then  only  to  a  limited  extent  at  finite  growth 
rates.  In  view  of  the  preceding  discussion,  the  limiting  case  of  brittle  initiation  would  not  be  expected  to  show  any 
transient  behavior,  and  only  limited  closure  because  of  limited  flow.  This  is  in  fact  observed*' .  As  more  inelastic  action 
occurs,  these  effects  should  and  do  become  more  pronounced**.  Thus,  the  observed  inconsistent  nature  of  the  short 
crack  behavior  is  really  not  surprising,  nor  is  it  necessarily  indicative  of  measurements  scatter.  Near  the  threshold,  the 
short  crack  effect  is  more  wide  spread  and  consistent,  an  observation  that  can  be  rationalized  easily  in  terms  of  both 
microstructural  effects  and  mechanics  (local  closure).  However,  it  has  been  demonstrated  that  the  threshold  may  be 
wiped  out  under  variable  amplitude  (service  like)  loadings**.  In  this  respect  the  fact  that  the  effect  develops  consistently 
near  the  threshold  may  be  of  little  practical  concern. 

To  be  unquestionably  accurate,  damage  tolerant  and  RFC  analyses  should  make  use  of  small  crack  thresholds.  They 
may  be  substantially  smaller  than  long  crack  thresholds.  But  once  the  crack  b  growing,  inclusion  of  any  short  crack 
behavior  will  have  a  negligible  effect.  Thb  is  particularly  true  in  the  case  of  brittle  initiation.  It  is  difficult  to  give  a 
quantitative  estimate  of  the  short  crack  influence  on  life  for  smooth  specimens.  However,  the  case  of  confined  flow  at  a 
notch  has  analogous  ingredients.  By  integrating  the  growth  rate  behavior  shown  in  Figure  S  (Ref.24),  a  decrease  in  life 
of  about  10  percent  b  obtained  for  the  most  extreme  of  these  results.  The  magnitude  of  this  decrease  depends  on  the 
difference  in  growth  rate,  the  crack  length  over  which  the  short  crack  rates  act,  and  the  duration  of  the  ensuing  long  crack 
propagation.  Of  course,  the  shorter  the  critical  crack  size,  the  shorter  the  LEFM  growth  and  the  more  significant  the 
short  crack  effect  on  life. 

In  the  case  of  ductile  initiation  both  small  and  larger  cracks  may  initially  violate  the  LEFM  confined  plasticity 
requirement  because  of  large  crack  tip  plastic  zones.  That  plastic  zone  may  bt  due  only  to  the  initiation  process.  It  may 
also  be  due  to  yielding  at  a  notch.  In  the  first  case  the  crack  cannot  behave  as  a  long  crack  until  it  has  grown  beyond  the 
initiation  zone,  and  has  developed  its  own  steady  state  field.  Again  both  micromechanks  and  metalhirgical  features  are 
important  considerations  in  regard  to  the  transient  growth  process.  Equally  important  are  multiple  initiation  and 
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branching.  Again,  because  artiHcial  flaws  would  tend  to  concentrate  deformation  and  tend  to  cause  a  more  brittle  , 
initiation,  natural  cracks  are  expected  to  show  the  short  crack  effect  much  more  so  than  artiflcial  preflawed  samples.  '  ^ 
When  the  plastic  zone  is  due  to  notch  inelastic  action,  not  only  may  the  contained  plasticity  requirement  be  violated ,  but 
the  K  solution  is  inappropriate.  Cracks  growing  under  this  condition  tend  to  be  controlled  primarily  by  the  mechanics 
of  the  displacement  controlled  primarily  by  the  mechanics  of  the  displacement  controlled  inelastic  zone. 

Unlike  the  case  of  confined  crack  tip  plasticity,  integration  of  short  crack  growth  rates  for  cracks  growing  at 
inelastically  strained  notch  roots  suggests  large  errors  could  develop.  Analysis  indicates  of  such  data^^  indicated  that  non¬ 
conservative  errors  of  more  than  an  order  of  magnitude  may  develop  when  LEFM  data  and  analyses  are  used  in  place  of 
observed  trends.  Clearly,  damage  tolerant  and  RFC  analyses  need  to  use  the  appropriate  short  crack  threshold  and 
growth  rates  in  this  case. 

The  subject  of  short  cracks  to  this  point  has  been  discussed  without  reference  to  environmental  effects.  However, 
airframe  and  engine  components  exist  in  an  aggressive  environment  and  some  comment  on  environmental  interactions 
with  short  cracks  is  appropriate. 

Consideration  of  the  nature  of  environmentally  assisted  cracking  (EAC)  suggests  that  environmental  short  crack 
effects  may  arise  from  several  sources.  First,  many  environmental  processes  generate  reaction  products  which  can  serve  to 
block  small,  tight  surface  cracks.  This  will  prevent  entry  of  the  aggressive  species  to  the  crack  tip  and  retard  the  process. 
Alternatively,  if  these  reaction  products  are  mechanically  stiff  and  are  resistant  to  compression  fracture,  they  may  serve 
to  wedge  open  cracks^*.  This  will  locally  reduce  the  range  of  the  applied  stress  intensity  factor,  and  thereby  reduce  at 
least  the  mechanical  component  of  the  growth  rate.  A  second  issue  of  consequence  is  the  ready  accessibility  of  short 
crack  tips  to  the  environment.  In  processes  where  transport  of  the  aggressive  species  is  of  consequence,  this  would  tend 
to  enhance  the  growth  rate  for  shorter  crack  (e.g..  Reference  27).  A  number  of  parameters  are  signiflcant  in  such 
situations,  including  CTOD  and  the  nature  of  the  environment.  The  final  issue  of  consequence  involves  cracks  whose 
length  lies  within  the  steady  state  environmental  process  zone  that  develops  for  long  cracks.  Clearly  any  crack  smaller 
than  the  dimension  of  this  zone  will  not  be  environmentally  similar  to  its  longer  steady  state  counterpart. 

Depending  on  environmental  and  mechanical  factors,  one  would  anticipate  that  environmentally  affected  small 
cracks  may  grow  either  slower  or  faster  than  their  longer  counterparts.  Data  in  the  literature  show  that  wedging  action 
develops  for  a  variety  of  reaction  products^’^*.  Of  particular  significance  in  engine  applications  are  the  hard  oxides  that 
develop  on  a  range  of  engine  materials.  Such  oxides  possess  mechanical  properties  which  could  effectively  block  and 
wedge  cracks.  Wedging  would  have  its  greatest  effect  when  its  thickness  is  on  the  order  of  the  CTOD.  Small  cracks  and 
threshold  conditions  thus  are  first  to  be  susceptible  to  its  effects.  In  view  of  results  for  wedging  effects  in  long  cracks  in 
aqueous  media”,  wedging  may  significantly  reduce  the  growth  rate  under  these  susceptible  conditions.  Data  in  the 
literature  also  show  that  there  is  an  evironmental  short  crack  effect  that  significantly  increases  growth  rates’^.  The  first 
evidence  of  this  effect,  presented  in  Figure  6,  appears  in  print  before  much  of  the  current  concern  for  short  cracks’’’. 

More  recent  studies  verify  such  trends  at  threshold”  and  finite  growth  rates”.  Unfortunately,  studies  done  to  date  do 
not  permit  determination  of  whether  transport  or  nonsteady  state  environmental  processes  account  for  this  increased 
rate. 

Critical  Discriminating  Experiments 

It  is  clear  from  a  critical  review  of  the  literature’  that  there  is  a  need  for  experiments  which  do  two  things; 

-  isolate  conditions  under  which  physically  small  cracks  exhibit  anomalous  growth  when  properly  analyzed  via 
LEFM,  and 

-  define  those  factors  which  control  such  growth  in  both  smooth  and  notched  specimens. 

Since  the  effect  appears  to  depend  on  the  transient  nature  of  the  natural  initiation  process,  naturally  initiating  cracks 
should  be  used.  Furthermore,  the  effect  appears  to  be  fundamentally  different  at  inelastically  strained  notch  roots  as 
compared  to  smooth  specimens.  Thus,  both  smooth  and  notched  specimens  should  be  used.  Finally,  differences  in 
microcrack  closure  and  fractographic  features  tend  to  most  easily  explain  differences  in  short  and  long  crack  behavior  in 
smooth  specimens.  Notched  specimen  behavior  is  likewise  most  easily  explained  by  these  factors,  along  with  the  fact  that 
the  local  control  condition  is  displacement  control. 

Discriminating  tests  that  probe  the  influence  of  microcrack  closure  and  fractographic  transients  would  focus  on 
smooth  edge-cracked  plate  spedmens  precracked  at  their  edges,  to  initiate  well  defined  plane  fronted  cracks,  i.e.,  a  steady 
state  crack.  Use  a  simple  edge-cracked  geometry  coupled  with  selective  testing  at  a  range  of  R  values  would  facilitate 
direct  LEFM  analyds  of  the  data,  thereby  removing  uncertainty  in  K  calculation  ftom  the  study.  Depth  of  cradcing 
diould  be  controlled  to  develop  long  crack  (steady  state)  fractography.  To  ensure  repeatability,  the  depth  and  minimum 
section  dze  should  be  controDed  via  some  closed  loop  measurement  system  such  u  a  crack  gage.  Various  crack  depths 
can  then  be  achieved  using  the  classic  Frost  approach  of  machining  off  the  sample  edges. 

Tests  could  be  restarted  on  one  set  of  samples  at  the  tame  set  of  loads,  with  enoi^  tunplet  tasted  over  a  lange  of 
loads  to  develop  a  langs  of  plastic  zone  sizes  at  cradc  dpt.  To  circumvent  the  influence  of  ^ior  idastic  zones,  all  tamplet 
could  be  stress  rsHeved  with  care  taken  to  avoid  grain  refinement  or  growth.  Growth  rate  should  be  mordtored  tsid 


fractographic  features  studied  after  the  test  to  ensure  a  steady  state  mode.  These  tests  provide  a  closure  free,  transient 
free  reference  for  all  subsequent  smooth  specimens.  They  define  the  influence  of  plastic  zone  size  to  crack  length  ratio, 

I  ^  ^  in  that  a  range  of  stress  and  crack  lengths  will  be  employed. 

The  influence  of  transients  in  growth  due  to  differing  growth  mechanisms  can  be  identified  by  running  a  corres¬ 
ponding  set  of  experiments  with  naturally  initiating  cracks  and  comparing  their  growth  against  the  steady  state  data. 

The  effect  of  microcrack  closure  can  be  identified  by  selective  testing  to  a  similar  matrix  and  thereafter  removing  material 
in  the  wake  of  the  crack.  Finally,  the  influence  of  grain  size  on  fractographic  features  and  microcrack  closure  can  be 
studied  by  selectively  performing  certain  of  the  above  experiments  on  materials  heat  treated  to  refine  or  enlarge  the 
grains,  and  therefore  cold  worked  to  yield  the  same  strength  level  for  all  microstructures. 

A  similar  series  of  selective  discriminating  tests  should  be  run  on  notched  samples.  Here  the  center  notched  panel  is 
appropriate.  Different  thicknesses  can  be  studied  to  facilitate  an  examination  of  the  influence  of  crack  front  length  and 
geometry.  Microcrack  closure  can  be  examined  again  by  cutting  away  material  in  the  wake  of  the  crack.*  Selective 
testing  at  a  range  of  stresses  and  crack  lengths  facilitate  direct  study  of  the  influence  of  notch  plasticity.  Since  the 
influence  zone  of  notch  plasticity  should  scale  with  the  linear  scaling  of  the  specimen  planform,  several  geometrically 
similar  samples  of  different  relative  size  should  be  considered.  Again,  with  the  exception  of  the  tests  designed  to  study 
the  comer  crack  configuration,  the  geometry  chosen  permits  simple  LEFM  calculations. 


SUMMARY 

Considering  the  almost  complete  breakdown  of  similitude  for  short  cracks,  it  is  not  surprising  that  short  crack 
effects  reported  in  the  literature  show  no  consistency.  To  some  extent  this  may  be  because  K  had  to  be  estimated  or 
because  the  wrong  K  and  R  were  used  by  ignoring  the  local  (notch  or  closure)  field.  However,  even  if  these  artifacts 
could  have  been  mended,  correlations  on  the  basis  of  Equation  ( 1 )  (whether  in  terms  of  J  or  K)  may  still  break  down 
when  other  similitude  conditions,  as  for  example  environment,  are  violated. 

For  equal  K  the  nominal  stress  will  be  higher  for  a  short  crack  than  for  a  long  crack.  Eventually  the  stresses  will 
exceed  yield  so  that  the  plastic  zone  becomes  undefined.  Before  that  K  becomes  less  and  less  a  measure  of  similitude. 
This  means  that  the  “short  crack  effect”  will  depend  upon  the  yield  properties  of  the  material. 

Since  also  the  metallurgical  similitude  breaks  down  for  small  cracks  (which  means  that  the  growth  rate  is  no  longer 
an  average  taken  over  many  grains)  the  local  circumstances  will  be  more  reflected  in  the  material’s  response.  If  the 
material  is  elastically  or  plastically  anisotropic  (differences  in  modulus  and  yield  stress  in  different  crystallographic 
directions)  the  local  grain  orientation  will  determine  the  rate  of  growth.  A  similar  effect  will  occur  in  multi-phase 
materials.  Crack  front  irregularities  and  small  second  phase  particles  or  inclusions  affect  the  local  stresses  and  therefore 
the  material’s  response.  In  the  case  of  long  cracks  (which  have  long  fronts)  all  of  these  effects  ate  integrated  and  averaged 
over  many  grains,  but  for  short  cracks  with  short  fronts  only  the  local  circumstances  count. 

It  then  follows  that  the  magnitude  of  the  small  crack  effect  will  depend  upon : 

-  the  yield  properties  of  the  material 

-  crack  front  irregularity  (affecting  stresses  and  mechanism) 

-  crystollographic  anisotropy  (stresses  and  mechanism) 

-  phases 

-  particles 

-  environment. 

Several  of  these  items  are  interrelated,  so  that  the  above  separation  is  somewhat  arbitrary,  but  it  serves  the  purpose  of 
showing  the  factors  involved.  Indeed  the  literature  confirms  this  expectation.  As  such  many  publications  are  of  interest, 
but  they  hardly  provide  insight  beyond  those  gained  through  physical  arguments. 

A  certain  number  of  publications  simply  ignore  all  physical  reality  and  carry  Equation  (1)  beyond  all  its  explicity 
limits,  sometimes  attempting  to  patch  discrepancies  through  artificialities  such  as  Equation  (3).  It  is  hardly  surprising 
that  they  meet  with  only  limited  success. 

Another  set  of  publications  seeks  the  answer  entirely  in  the  mechanical  factors.  Clearly,  mechanical  similitude  has 
to  be  invoked,  but  it  has  to  be  invoked  rigorously.  Therefore,  any  attempts  in  which  local  fields  and  closure  forces  are 
ignored,  have  no  chance  to  succeed,  and  any  incidental  correlations  ate  fortuitous. 

Departure  from  stress  field  parameters  in  favor  of  a  geometrical  parameter  such  as  CTOD  certainly  has  merits. 
However,  the  most  expedient  way  to  obtain  CTOD  solutions,  throu^  a  Dugdale  model,  is  still  limited  to  contained 
yielding.  Yet  the  big  advantage  of  Dugdale  solutions  is  that  closure  and  other  local  fields  can  be  accounted  for,  be  it 


vThsadvHitsgs  hers  is  that  K  befon  and  after  cutting  is  die  shim  so  that  growth  rate  trends  provides  dear  cut  assessment  of  this  tetor. 
^anqitas  do  not  have  to  be  heat  treated  to  remove  the  prior  plastic  zone.) 
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with  difficulty.  In  this  respect  the  work  by  Newman  in  this  publication  and  Seeger  and  Fuhring^*”^*  is  very  valuable 
as  a  starting  point. 

Naturally,  mechanical  similitude  alone  will  not  completely  solve  the  problem.  To  the  extent  that  crack  growth  is 
a  geometrical  consequence  of  slip,  Cl'Oi)  is  certainly  a  measure  of  crack  extension.  But  it  is  not  a  unique  measure, 
because  the  local  crack  tip  profile  depends  upon  crystallographic  orientation,  phase,  etc.  Automatic  averaging  at  long 
crack  fronts  alleviates  the  problem,  but  for  small  cracks  with  short  fronts  da/dN  cannot  be  uniquely  correlated  with 
n  OD.  The  extent  to  which  this  presents  a  problem  cannot  he  judged  a  priori.  It  can  only  be  ascertained  that  it  will  be 
strongly  material  dependent  Once  a  satisfactory  model  for  mechanical  similitude  is  developed,  the  significance  of  metal¬ 
lurgical  similitude  wilt  become  obvious. 

It  IS  concluded  that  the  short  crack  effect  arises  primarily  because  of  crack  tip  plasticity,  transients  from  the 
initiation  process,  and  incorrect  or  incomplete  implentation  of  LEFM.  The  phenomenological  data  tend  not  to 
discriminate  between  which  of  these  is  significant,  when,  and  why.  Thus,  discriminating  tests  are  required.  CTOD 
appears  to  be  a  viable  basis  to  track  the  growth  of  small  (short)  cracks*.  Its  use  as  a  measure  of  the  crack  driving  force 
warrants  continued  study. 

Regarding  papers  of  this  conference  in  light  of  AGARD’s  interest  in  airframe  structural  fatigue,  several  conclusions 
can  be  drawn.  Potter  et  al.,  and  Wang**  present  data  which  indicate  growth  rate  data  for  cracks  from  fastener  filled 
holes  correlate  with  long  crack  data.  These  trends,  which  are  contrary  to  open  hole  results,  may  be  explained  by  the  fact 
that  compression  loads  do  not  develop  differing  closure  conditions  as  the  crack  extends.  Closure  does  not  develop 
because  ( 1 )  the  cyclic  loading  considered  was  predominantly  tensile  and  (2)  load  transfer  occurs  across  the  fastener  in 
compressive  cycles  in  filled  holes  and  (3)  interference  fit  fasteners  (if  used)  prop  holes  open.  Thus,  one  would  not  expect 
a  major  short  crack  effect  in  growth  rate  behavior.  However,  this  does  not  mean  that  the  threshold  behavior  would  not 
differ  from  that  developed  for  long  cracks,  particularly  in  situations  where  large  compression  loads  develop.  Data 
developed  by  Topper  et  al.**  confirm  the  earlier  Japanese  work  which  shows  threshold  tends  to  be  reduced  in  the 
presence  of  block  cycling** .  Significantly,  data  of  both  Potter  et  al.  and  Wang**  do  show  crack  propagation  occurs  at 
levels  below  the  usual  long  crack  threshold.  Aside  from  the  reduction  in  threshold,  the  paper  by  Anstee**  thus 
reasonably  summarizes  the  problem  of  short  cracks  for  panel  like  elements  of  airframe  structures. 

However,  many  questions  remain  for  the  AGARD  committee  to  answer  to  the  significance  of  short  crack  growth  in 
other  geometries  for  which  closure  effects  are  not  circumvented  by  load  transfer  through  fasteners.  Particularly  significant 
in  this  context  are  metallurgical  factors  such  as  anisotropy,  the  effects  of  end  grain  in  forgings,  etc.  Of  equal  concern  are 
components  subjected  to  aggressive  environments.  Given  that  in  these  situations,  relatively  high  strength  materials  are 
used  for  which  brittle  initiation  occurs,  the  integrated  effect  of  the  short  crack  behavior  will  occur  only  over  a  fairly 
short  crack  length  (a  few  grains).  Provided  that  critical  crack  lengths  are  very  large  compared  to  the  grain  size,  the 
integrated  effect  of  the  short  crack  behavior  will  cause  a  limited  reduction  in  life  as  compared  to  the  usual  LEFM 
prediction.  But,  if  the  critical  crack  size  is  small,  there  may  be  a  major  reduction  in  life. 

In  materials  which  exhibit  ductile  initiation  under  conditions  where  the  plastic  zone  is  large  compared  to  the  crack 
length  over  a  significant  portion  of  the  life,  life  predictions  based  on  LEFM  may  be  very  nonconservative  due  to  the  short 
crack  effect.  Fortunately,  these  situations  tend  not  to  be  widespread  in  airframe  materials  and  structures.  However,  such 
situations  are  not  uncommon  in  highly  stressed  hot  path  components  in  engines.  Particular  care,  therefore,  should  be 
taken  in  applying  LEFM  in  engine  design  and  RFC  analyses.  Attention  should  be  focused  on  this  and  other  similar 
situation  by  the  AGARD  committee. 
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MODE 


a.  Similitude:  Black  boxes  are  equal 
so  that^K  is  equal  and  thus  da/dN 
is  the  same. 


b.  Questionable  similitude:  Bi  ■  Bn  so  that 

AK  is  equal:  B,  =  B^  so  that  closure  differs 
and  thus  da/dN  will  not  be  equal. 


Fig.  1  The  concept  of  similitude 
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Fig.4  Short  cracks  irowii  in  «toplM«iient  control  of  inelratic  notch  field  (after  Leis*) 
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